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ABSTRACT 
We recently reported NMR studies of an osmium alkane complex, 
[Cp*Os(DFMPM)(CH4)]
+
, where Cp* is pentamethylcyclopentadienyl and DFMPM is 
bis(bis(trifluoromethyl)phosphino)methane.  As part of an effort to continue these studies, the 
procedures to synthesize the DFMPM ligand and the Cp*Os(DFMPM)Br intermediate have been 
improved.  A laboratory-scale procedure was developed to synthesize diethylzinc in which the α-
CH2 positions are isotopically labeled with carbon-13 and/or deuterium; these  reagents were then 
employed to synthesize isotopically labeled analogs of Cp*Os(DFMPM)Et. 
Protonation of Cp*Os(DFMPM)Et with HOTf in CDCl2F at -130 °C affords the alkane 
complex [Cp*Os(DFMPM)(CH3CH3)][OTf].  The dissociation of the ethane ligand follows first-
order kinetics characterized by activation parameters of ΔH‡ = 14.4 ± 4.2 kcal/mol and ΔS‡ = 7 ± 
20 cal mol-1 K-1.  These values are within error for those of the methane analog, ΔH‡ = 14.9 ± 1.5 
kcal/mol and ΔS‡ = 12.3 ± 8.8 cal mol-1 K-1.  IPR studies of the ethane complex indicate that the 
ethane coordinates to [Cp*Os(DFMPM)]+ through a single hydrogen atom in either an η2- or κ1-
fashion, depending on whether or not the carbon atom is significantly involved in the bonding 
interaction.  The IPR studies afford chemical shifts of δT = 1.99 ± 0.17 and δB = -10.99 ± 0.32 for 
the terminal and bridging hydrogen atoms of the α-methyl group of the ethane ligand, respectively.  
δT for the ethane complex is significantly deshielded compared to the methane analog (δT = 0.39 
± 0.05) and δB for the ethane complex is significantly shielded compared to the methane analog 
(δB = -8.92 ± 0.17).  These data support the hypothesis that the chemical shifts of the alkane ligand 
are significantly affected by diamagnetic anisotropy.  The upfield chemical shift of the α-carbon 
in the 13C NMR spectra of the ethane and methane complexes can be explained in the same way, 
and are not necessarily indicative of a bonding interaction with osmium. 
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Improvements were made to the procedures for the synthesis of (RPCP)M(CH3), where 
RPCP is a 2,6-bis(dialkylphosphinomethyl)phenyl pincer ligand and M is a group 10 transition 
metal.  Complexes where R is isopropyl were prepared with nickel, palladium, and platinum.  
Additionally, complexes where R is t-butyl or adamantyl were prepared for nickel.  Protonation of 
these complexes with HOTf in CDCl2F did not afford observable alkane complexes.  In the cases 
of nickel and palladium, free alkane was generated even at -130 °C; the bonding interaction 
between the metal and the alkane is evidently very weak.  In the case of platinum, protonation was 
slow until the reaction was warmed to -60 °C, at which point free alkane was generated; no 
alkyl/hydride or alkane coordination complexes could be observed.  More electron-rich metal 
centers may be required to prepare alkane complexes of group 10 transition metals that can be 
studied by NMR spectroscopy. 
Procedures for the synthesis of(tBuPCP)TiCl2 and (
tBuPCP)CrCl2(THF), where (
tBuPCP) is 
2,6-bis(di-tert-butylphosphinomethyl)phenyl, were developed.  The titanium compound reacts 
with LiBH4 to afford (
tBuPCP)Ti(BH4)2.  (
tBuPCP)CrCl2(THF) can be desolvated to afford 
(tBuPCP)CrCl2 by application of heat under vacuum.  (
tBuPCP)CrCl2 undergoes reduction and 
decomposition when treated with LiBH4 but affords the chromium(II) product (
tBuPCP)CrCl when 
reduced by KC8.  All compounds were characterized crystallographically. 
A multi-gram-scale synthetic procedure was developed for Mn(TMP)2, where TMP is 
2,2,6,6-tetramethylpiperidide).  Mn(TMP)2 is a potential precursor compound for the chemical 
vapor deposition of manganese nitride films.  The compound was crystallographically 
characterized.  The solid state structure of Mn(TMP)2 is isomorphous to that of its iron analog 
Fe(TMP)2. 
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CHAPTER 1 
ISOTOPIC PERTUBATION OF RESONANCE AND THE PREPARATION OF 
ISOTOPICALLY LABELED DIALKYLZINC REAGENTS 
Introduction 
Isotopic labeling is a powerful tool for understanding chemical reactions.  Isotopic labeling 
experiments can identify which bonds are made or broken during a chemical reaction, elucidate 
which bonds are involved in the rate-limiting step of a reaction, and give information about 
chemical structure.  Particularly relevant to the last of these applications is isotopic perturbation 
of resonance (IPR).  IPR can be used to determine the nature of agostic interactions with metal 
centers.1  Our group has previously used IPR to determine which of the following coordination 
modes describes the structure of methane coordinated to a transition metal center: 
 
    
Figure 1.1: The four coordination modes of methane to a single metal center. 
 
If the coordinated methane is frozen in place, the coordination mode of the bound methane 
can be determined simply from the relative 1H NMR integrals of the resonances due to the 
hydrogen atoms in the terminal C-H positions versus the C-H positions that bridge to the metal in 
the 1H NMR spectrum.  However, if the terminal and bridging C-H positions are in rapid exchange 
on the NMR timescale, the resonance for the terminal and bridging C-H positions will coalesce 
into a single resonance positioned at the weighted average chemical shift.  Because experimentally 
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only one resonance is seen, determination of the coordination mode by integration is not possible, 
and instead the coordination mode must be determined by other means. 
The observed chemical shift of the bound methane in the 1H NMR spectrum is a weighted 
average of the chemical shifts of the terminal (δT) and bridging (δB) C-H positions.  Because C-D 
bonds have a lower zero-point energy than analogous C-H bonds, and the zero point energy 
difference is larger if the C-H stretching frequency is larger, deuterium atoms in a bound methane 
complex will prefer to reside in sites characterized by higher-frequency C-H stretching modes, i.e., 
in terminal positions as opposed to bridging positions.  As a result, replacing increasing numbers 
of hydrogen atoms in the bound methane with deuterium will change the weight-averaged 1H NMR 
chemical shift of the remaining hydrogen atoms on the bound methane towards δB.  How much the 
chemical shift changes with deuterium incorporation depends on (1) the difference between δT and 
δB, (2) the energy difference between having hydrogen or deuterium in the bridging site(s) (ΔEBI), 
(3) the temperature, and (4) the coordination mode of the methane.  The following equations 
describe the relationship between these values, where R is the ideal gas constant (see Appendix A 
for a derivation of these equations).2 
 
η2/κ1: 𝜹𝐌−𝐂𝐇𝟒 =
𝟑𝜹𝐓+𝜹𝐁 
𝟒
 (1.1) 
 𝜹𝐌−𝐂𝐇𝟑𝐃 =
(𝟐+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+𝜹𝐁 
𝟑+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (1.2) 
 𝜹𝐌−𝐂𝐇𝟐𝐃𝟐 =
(𝟏+𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+𝜹𝐁 
𝟐+𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (1.3) 
 𝜹𝐌−𝐂𝐇𝐃𝟑 =
(𝟑+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+𝜹𝐁 
𝟏+𝟑𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (1.4) 
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κ2: 𝜹𝐌−𝐂𝐇𝟒 =
𝜹𝐓+𝜹𝐁 
𝟐
 (1.5) 
 𝜹𝐌−𝐂𝐇𝟑𝐃 =
(𝟏+𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+(𝟐+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐁 
𝟑+𝟑𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (1.6) 
 𝜹𝐌−𝐂𝐇𝟐𝐃𝟐 =
(𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 +𝒆
−
𝟐𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+(𝟏+𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐁 
𝟏+𝟒𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 +𝒆
−
𝟐𝚫𝐄𝐁𝐈
𝑹𝑻
 (1.7) 
 𝜹𝐌−𝐂𝐇𝐃𝟑 =
(𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+𝜹𝐁 
𝟏+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (1.8) 
κ3: 𝜹𝐌−𝐂𝐇𝟒 =
𝜹𝐓+𝟑𝜹𝐁 
𝟒
 (1.9) 
 𝜹𝐌−𝐂𝐇𝟑𝐃 =
(𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+(𝟏+𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐁 
𝟏+𝟑𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (1.10) 
 𝜹𝐌−𝐂𝐇𝟐𝐃𝟐 =
(𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+(𝟐+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐁 
𝟐+𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (1.11) 
 𝜹𝐌−𝐂𝐇𝐃𝟑 =
(𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+𝟑𝜹𝐁 
𝟑+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (1.12) 
 
Using these equations, we can calculate the expected 1H NMR spectra of the different 
coordination modes with the assumption that δT is downfield of δB (Figure 1.2).  The exact 
chemical shifts of the resonances are not important for assigning the coordination mode, rather it 
is how the difference in chemical shifts change with successive deuteration that is important.  For 
the η2/κ1 coordination mode, the change in chemical shift increases with increasing deuteration.  
For the κ2 case, the change in chemical shift is constant.  Finally, for the κ3 coordination mode, the 
change in chemical shift decreases with increasing deuteration. 
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Figure 1.2: The calculated 1H NMR patterns for M-CH4-nDn, where n is 0-3, for the η2/κ1, κ2, and 
κ3 coordination modes.2 The spectra have been scaled so that the chemical shift difference between 
the M-CH4 and M-CHD3 isotopologs is constant. 
 
Once the coordination mode has been established, the proper set of equations can be solved 
to determine δT, δB, and ΔEBI.  Because IPR determines only the number of hydrogen atoms that 
bridge to the metal center, it cannot distinguish between η2 and κ1 coordination modes, which differ 
in whether the carbon atom is significantly involved in bonding to the metal center.  These 
equations and calculated spectra apply only to methane that is bound to a single metal center.  For 
larger alkanes, in which the carbon atoms bear fewer than four hydrogen atoms, the equations and 
patterns will be different.  However, the theory remains the same and equations for the bound 
CH3R or CH2R2 groups (where R ≠ H) can be generated using the same logic.  IPR can also be 
used to deconvolute the 13C coupling constants of the terminal and bridging hydrogen atoms, 
simply by replacing the chemical shift terms in the appropriate equations with their corresponding 
coupling constant terms. 
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Sempsrott characterized the methane coordination mode in the organoosmium complex 
[Cp*Os(DFMPM)]+, where Cp* is η5-1,2,3,4,5-pentamethylcyclopentadienyl and DFMPM is 
bis[bis(trifluoromethyl)phosphino]methane, in CDCl2F by NMR spectroscopy.
2  IPR experiments 
led to the conclusion that the methane ligand is bound in the η2/κ1 coordination mode, and that δT 
= 0.39 ± 0.05, δB = -8.92 ± 0.17, ΔEBI = 0.264 ± 0.005 kcal/mol, JT = 141 ± 4 Hz, and JB = 83 ± 
11 Hz.  Sempsrott also measured the rate of methane dissociation from the complex at several 
temperatures to determine that ΔH‡ = 14.9 ± 1.5 kcal/mol and ΔS‡ = 12.3 ± 8.8 cal mol-1 K-1 for 
this process. 
It was our desire to expand this study to include higher alkanes, beginning with ethane.  In 
order to carry out the requisite IPR experiments, it is necessary to prepare alkane ligands that 
contain varying amounts of deuterium (and 13C if one is interested in studying the 1JCH coupling 
constants) in the α-position of the ligand of interest.  This requirement imposes challenges of its 
own. 
Sempsrott generated [Cp*Os(DFMPM)(CH4)]
+ by protonation of Cp*Os(DFMPM)(CH3), 
which was generated from Cp*Os(DFMPM)Br and Zn(CH3)2.
2  For his IPR experiments, 
appropriately labeled methyl iodide was commercially available, from which the isotopically 
labeled dimethylzinc reagents were prepared.  To conduct analogous experiments on the 
corresponding ethane analog of the methane coordination complex, it will be necessary to 
synthesize two isotopologs of Cp*Os(DFMPM)Et, one in which the α-carbon of the ethyl ligand 
is 13C-labeled and the other in which the α-carbon is both 13C-labeled and which also bears one or 
two deuterium atoms; isotopic labeling of the β-carbon of the ethyl ligand is irrelevant for IPR.  
Ethyl halides labeled at the 1-position with 13C are commercially available.  However, ethyl halides 
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with 1-13C-1-D or 1-13C-1,1-D2-labeling are not.  Here we describe laboratory-scale syntheses of 
these isotopically labeled ethyl halides. 
 
Results and Discussion 
 
 
Scheme 1.1: Retrosynthesis of diethylzinc from acetic acid. 
 
There are well-established syntheses of ethyl halides from ethanol.3-6  However, these 
procedures use large quantities (> 100 g) of fairly pure ethanol (> 80%).  Because we wish to 
prepare isotopically labeled materials, we want a procedure that is amenable to much smaller 
reaction scales (ca. 1 g) and that limits the need for isolation of intermediates (and the losses 
associated with such procedures).  Reduction of CH3
13COOH with LiAlD4 should afford 
CH3
13CD2OH but isolation of the labeled ethanol from the reaction solvent and H2O (introduced 
by aqueous quenching of the LiAlD4) at this scale is nontrivial.  The introduction of H2O can be 
avoided if the reaction mixture is quenched with a solution of HCl in Et2O.  However, too much 
ethanol is lost if the Et2O is subsequently removed by distillation.  Therefore, it was necessary to 
find a procedure to convert ethanol into an ethyl halide that is tolerant of Et2O.  This requirement 
excluded the use of HX or PX3 reagents, which react with Et2O to afford natural abundance ethyl 
halides.  We considered several routes to convert ethanol to ethyl halides on ~1 g scale. 
Alcohols can be transformed into alkyl halides by the Mitsunobu reagent.7  In this 
preparation, diethyl diazodicarboxylate (DEAD) is added to an ethereal solution of PPh3 at 0 °C.  
Addition of a lithium halide salt, followed by the alcohol, yields the alkyl halide.  Manna et al. 
studied this reaction with relatively high-boiling alcohols and alkyl halides, and isolated the 
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products by extraction and subsequent distillation; this method would not work well if the solvent 
and the alkyl halide product have similar boiling points.  In order to adapt this procedure for our 
purposes, tetraglyme could be used as the reaction solvent, allowing the ethyl halide to be separated 
from the solvent, and the other components of the reaction mixture, by vacuum transfer.  Et2O 
present from the preparation of the ethanol would be carried over, but its presence would not 
interfere with the subsequent conversion to the dialkylzinc reagent. 
The Appel reaction converts alcohols into alkyl halides using PPh3 and a halide source such 
as CX4 or X2.
8  We foresaw several issues with the Appel reaction.  Dichloromethane and 
chloroform, which are commonly used solvents for these reactions, would co-distill with the ethyl 
halide product and would interfere with the synthesis of the dialkylzinc reagent.  In addition, using 
X2 reagents results in the formation of HX, which will react with the Et2O to form unlabeled ethyl 
halide.  A few studies have employed alternative sources of halide.9-11  However, solvents other 
than low-boiling chlorocarbons were either not explored or resulted in low yields. 
Alkyl halides may also be prepared from alcohols by means of multi-step processes.  In 
one such preparation, the alcohol is first converted to the tosylate by action of TsCl.12  Pyridine is 
added to remove HCl that is generated from the reaction.  This reaction is time sensitive because 
the products can react further to produce alkyl chlorides and alkylpyridinium tosylates.12-13  Once 
isolated, the tosylate can be converted into the halide by the Finkelstein reaction (treatment with 
an alkali metal halide). 
We chose this last route to synthesize ethyl iodide.  To circumvent the issues of 
overreaction, and to simplify the separation procedure, we replaced the volatile base, pyridine, 
with NaH.  The reaction is tolerant of the Et2O carried over from the synthesis of the ethanol.  NaCl 
and excess NaH are removed by filtration, and the Et2O can be removed by evaporation with 
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limited loss of ethyl tosylate, which was purified by column chromatography.  The ethyl tosylate 
was dissolved in HMPA, a nonvolatile solvent, and addition of NaI afforded ethyl iodide, which 
was isolated by vacuum transfer. The overall yield, starting from acetic acid, is about 15%, which 
is sufficient for our needs. 
Conversion of alkyl iodides to dialkylzinc reagents can be performed in several ways.  
Excellent yields are obtained when ethyl iodide is treated with a mixture of zinc and lithium 
powder.14  The more traditional zinc-copper couple can afford good yields but suffers from 
reproducibility issues that arise from inconsistencies in the preparation of the zinc-copper 
couple.15-16  Conversion of alkyl iodides to Grignard reagents by action of magnesium metal, 
followed by transmetallation with anhydrous ZnCl2, affords smaller yields of the dialkylzinc, but 
does so reliably.17-18 
 
 
Scheme 1.2: Small-scale synthetic route to ZnEt2 from acetic acid.  Site-specific isotopic labeling 
is achievable with this route using the appropriately labeled acetic acid and LiAlH4. 
 
Conclusion 
A synthetic route for preparing diethylzinc that is isotopically labeled at the α-carbon was 
developed that works well on small (~1 g) scales.  The use of nonvolatile solvents such as 
tetraglyme and HMPA aided in the separation of some of the volatile intermediates.  Quenching 
the LiAlH4 with HCl in Et2O avoided the introduction of H2O.  Converting the ethanol to sodium 
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ethoxide followed by addition of tosyl chloride circumvented the issues of overreaction that occur 
when pyridine is used is used as the base. 
 
Experimental Details 
Unless otherwise stated, all operations were conducted under argon using standard Schlenk 
line and glovebox techniques.  Liquid reagents were dried over sodium-benzophenone ketyl 
(Et2O), sodium (tetraglyme), CaH2 (HMPA, 1,2-dibromoethane), or acetic anhydride (acetic acid) 
and distilled before use.  Ethyl acetate and hexanes (Fisher Scientific Company, L.L.C.); 2 M HCl 
in Et2O and ZnCl2 (Sigma-Aldrich, Inc.); LiAlH4 (Strem Chemicals, Inc.); magnesium turnings 
(Alfa Aesar); NaH, 60 wt% dispersion in mineral oil, and TsCl (Oakwood Products, Inc.); NaI (JT 
Baker Chemicals); and CH3CD2Br, CH3
13CH2I, and C6D6 (Cambridge Isotopes Laboratories, Inc.) 
were purchased from commercial sources and used as received. 
Unless otherwise stated, NMR spectra were acquired on Varian (400 MHz, 500 MHz, and 
600 MHz) and Bruker (500 MHz) spectrometers at room temperature.  1H and 13C NMR spectra 
are reported in δ units (positive chemical shifts to higher frequency) relative to TMS as determined 
from residual solvent signals.19  NMR spectra were processed with the MestReNova NMR 
software package. 
Ethyl Tosylate, EtOTs.  LiAlH4 (2.738 g, 72.2 mmol) was suspended in tetraglyme (50 
mL) and cooled to 0 °C.  A solution of acetic acid (1.00 mL, 17.5 mmol) in tetraglyme (50 mL) 
was added dropwise.  The mixture was allowed to warm to room temperature and quenched with 
HCl (100 mL of a 2 M solution in Et2O, 200 mmol).  The mixture was freeze-pump-thawed for 
three cycles and then vacuum transferred into a Schlenk flask.  NaH, (7.01 g of 60 wt% dispersion 
in mineral oil) was washed with pentane (3 × 50 mL) and suspended in Et2O (20 mL).  The NaH 
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slurry was cooled to 0 °C and the solution of ethanol in Et2O that had been vacuum transferred in 
the previous step was added dropwise.  The mixture was warmed to room temperature and to it 
was added a solution of TsCl (3.585 g, 18.8 mmol) in Et2O (30 mL).  The mixture was filtered and 
the filtrate was taken to dryness by rotary evaporation.  The white solid residue was dissolved in 
minimal ethyl acetate and loaded into a silica gel column.  The column was washed with hexanes 
until elution of unreacted TsCl was completed, as monitored by UV light.  Then the column was 
washed with ethyl acetate until the product finished eluting, as monitored by UV light.  The 
fractions containing the product were combined and dried by rotary evaporation.  Residual ethyl 
acetate was removed under vacuum overnight with gentle heating (30 °C) to afford the product as 
a pale yellow oil.  Yield: 1.04 g (30%). 
Ethyl Iodide, EtI.  To a solution of EtOTs (2.658 g, 13.3 mmol) in HMPA (25 mL) was 
added NaI (2.030 g, 13.5 mmol).  The mixture was allowed to stir overnight and the product was 
vacuum transferred out of the mixture with the source flask at room temperature and the receiving 
flask cooled to -196 °C.  Yield: 1.101 g (53%). 
Diethylzinc, ZnEt2.  Magnesium turnings (4.598 g, 189 mmol) were suspended in Et2O 
(50 mL) and activated with 1,2-dibromoethane (0.100 mL, 1.16 mmol).  EtI (1.00 mL, 12.4 mmol) 
was added and the mixture was brought to reflux overnight.  The mixture was cooled to room 
temperature and filtered onto anhydrous ZnCl2 (1.210 g, 8.88 mmol).  The mixture was stirred 
overnight at room temperature and filtered.  The filtrate was concentrated by distilling off Et2O 
with a 60 °C oil bath and then was vacuum transferred with the source flask heated to 100 °C and 
the receiving flask cooled to -196 °C to afford the product as a 19 wt% solution in Et2O.  Yield: 
2.55 g of solution (66 %).  1H NMR (C6D6): δ 1.18 (t, 3JHH = 8 Hz, 6 H, CH3), 0.18 (q, 3JHH = 8 
Hz, 4 H, CH2). 
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Di(ethyl-1,1-d2)zinc, Zn(CD2CH3)2.  This compound was synthesized analogously to 
ZnEt2 using CH3CD2Br instead of EtI.  
1H NMR (C6D6): δ 1.14 (m, CH3). 
Di(ethyl-1-13C)zinc, Zn(13CH2CH3)2.  This compound was synthesized analogously to 
ZnEt2 using CH3
13CH2I instead of EtI.  
1H NMR (C6D6): δ 1.18 (m, 6 H, CH3), 0.16 (dq, 1JCH = 
121 Hz, 3JHH = 8 Hz, 4 H, CH2).  
13C{1H} NMR (C6D6): δ 6.56 (CH2), there was insufficient signal-
to-noise to observe the terminal methyl resonance, which is reported to appear at δ 10.4.20 
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CHAPTER 2 
SYNTHESIS AND CHARACTERIZATION OF AN OSMIUM ETHANE COMPLEX 
Introduction 
The selective functionalization of C-H bonds of saturated hydrocarbons has the potential 
to be one of the most valuable classes of chemical transformations.1  There are several approaches 
to accomplishing C-H functionalization: radical and electrophilic reagents can abstract H• or H-, 
respectively, and transition metals can insert into C-H bonds through oxidative addition reactions.2  
Of these approaches, C-H activation by oxidative addition at transition metals usually is more 
selective and is more likely to be tunable, because radicals are not involved, and the nature of the 
metal and its ancillary ligands greatly affect the process. 
One mechanism for the activation of C-H bonds by transition metal complexes proceeds 
through short-lived σ-complexes, in which an intact C-H bond coordinates to the transition metal.3-
10  The study of these complexes has given insight into the inner workings of transition metal C-H 
activation.  By utilizing UV/vis spectroscopy, time-resolved infrared spectroscopy, and 
photoacoustic calorimetry, the energies for binding of alkanes to many transition metal centers 
have been measured.11-14  NMR studies of these systems mostly suggest that the alkanes coordinate 
to the transition metals through a single C-H bond.15-16  The preference for the alkane to coordinate 
to the metal through terminal CH3 or through internal CH2 groups varies, and depends on the nature 
of the metal and ancillary ligands.15, 17-20 
There have been a few successful approaches to preparing transition metal alkane 
complexes that can be observed directly.  A notable approach involves the ejection of a labile 
ligand by photolysis of the complexes in frozen alkane matrices, in alkane solutions, or in the gas 
phase.8, 11-12, 15, 17, 19, 21-30  These approaches provided the first direct evidence for the existence of 
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transition metal alkane complexes; today more transition metal alkane complexes have been 
prepared in this fashion than by any other.  In a different approach, Macgregor and Weller 
hydrogenated single crystals of transition metal diene complexes to afford alkane complexes, and 
were able to characterize the products crystallographically.31-35  There are a small number of other 
crystallographic studies of metal alkane coordination complexes: two cobalt alkane complexes 
grown from solution36 exhibit much less positional disorder of the alkane than Reed’s FeII heptane 
complex37 and Meyer’s UIII cycloalkane complexes.38 
Two groups have directly observed transition metal alkane complexes prepared by 
protonation of transition metal alkyl complexes at low temperature.39-41 Protonation of 
(PONOP)RhCH3 by HBAr
F
4·2Et2O, where PONOP is 2,6-(
tBu2PO)2C5H3N and BAr
F
4 is B[3,5-
(CF3)2C6H3]4, in CDCl2F at -110 °C affords [(PONOP)Rh(CH4)][BAr
F
4].
39  A single resonance in 
the 1H NMR spectrum for the bound methane indicated that the coordinated (i.e., metal-bridging) 
C-H bonds were in fast exchange with the non-coordinated (terminal) C-H bonds of the methane 
ligand.  The methane ligand dissociates from the [(PONOP)Rh]+ fragment at -87 °C with a ΔG‡ of 
14.5 ± 0.4 kcal/mol.  DFT calculations suggest that the methane coordinates to [(PONOP)Rh]+ 
through a single C-H bond. 
The same group showed that protonation of the corresponding rhodium ethyl complex with 
HBArF4·2Et2O at -150 °C in a mixture of CDCl2F and CD2Cl2 affords the ethane complex 
[(PONOP)Rh(CH3CH3)][BAr
F
4].
40  This compound is less stable than its methane analog and 
requires handling at lower temperatures.  The ethane coordinates to [(PONOP)Rh]+ in an end-on 
fashion, as evidenced by the presence of two ethane resonances in the 1H NMR spectrum.  The 
ethane ligand dissociates at -132 °C with a ΔG‡ of 10.9 ± 0.2 kcal/mol, and the α- and β-CH3 
groups of the bound ethane exchange with one another with a ΔG‡ of 7.2 ± 0.1 kcal/mol at -132 
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°C.  As for its methane analog, DFT calculations suggest that the ethane coordinates through a 
single C-H bond.  The decreased thermal stability of the ethane complex compared to the methane 
complex was explained by steric hindrance imposed by the tBu groups of the PONOP ligand. 
The other low-temperature protonation study was done by our group.  Protonation of 
Cp*Os(DFMPM)(CH3), where DFMPM is (CF3)2PCH2P(CF3)2, with the acids HN(SO2CF3)2 or 
HOTf, in CDCl2F at -130 °C affords the methane coordination complex 
[Cp*Os(DFMPM)(CH4)
+].41  The coordinated methane dissociates at -100 °C with a ΔG‡ of 12.8 
± 0.1 kcal/mol.  Sempsrott used isotopic perturbation of resonance (IPR)42 to determine that the 
coordinated methane binds to [Cp*Os(DFMPM)]+ through a single C-H bond.  Having 
successfully studied an osmium methane complex, we sought to synthesize and characterize 
osmium complexes of higher alkanes. 
 
Results and Discussion 
Sempsrott reported the preparation of Cp*Os(DFMPM)Br, the starting material for making 
his osmium-methyl and methane coordination complexes, on a 100 mg scale.41  Here we describe 
our successful efforts to scale up the synthesis.  In addition, we describe some refinements of his 
route to synthesize the diphosphine ligand, DFMPM, which improve the reproducibility and the 
safety of the procedure.  This ligand synthesis involves three main steps: the preparation of the 
chlorodiphosphine Cl2PCH2PCl2, conversion of the latter to the phenoxydiphosphine 
(PhO)2PCH2P(OPh)2, and finally trifluoromethylation to afford DFMPM. 
Synthesis of Cl2PCH2PCl2.  The first step in the synthesis of DFMPM is to prepare 
Cl2PCH2PCl2 from Al powder, CH2Cl2, and PCl3, using iodine and CH2Br2 to initiate the reaction 
and POCl3 to aid in isolation of the product.
41, 43-44  After being activated with I2 and CH2Br2, the 
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Al powder is heated to reflux in CH2Cl2.  This reaction is very exothermic and problems related to 
over-heating and pressurization of the apparatus can arise depending on the quality and mesh size 
of the Al powder used.  We recommend carrying out this reaction on a 2-mole scale of Al (half of 
the scale Sempsrott used), and using Al particle sizes no smaller than 325 mesh.  Under these 
conditions, the reaction is exothermic enough to heat the mixture to reflux, without external 
heating, for over a day, but avoids the violent reaction excursions seen if smaller particle sizes or 
larger reaction scales are used. 
Once the aluminum-methylene reagent (“Cl2AlCH2AlCl2”) has been prepared as a slurry 
in CH2Cl2, the reagent is added to PCl3 through a 3/8” ID Teflon cannula in as small aliquots as 
possible.  This reaction is particularly exothermic and the boiling point of CH2Cl2 is relatively low.  
It is imperative that the slurry of the methylene aluminum reagent be added slowly so as to prevent 
a runaway exotherm and flash-boiling of the CH2Cl2 solvent.  However, if one takes too long to 
complete the transfer (> 6 h), the yield of the isolated product drops significantly, presumably due 
to slow diffusion of air into the receiving flask.  The transfer can be completed safely within 1.5-
2 h if the reaction is performed on the scale of 2 moles of Al. 
After the POCl3 has been added to precipitate the AlCl3 byproduct, the unwanted solids are 
separated from the solution by filtration.  Depending on the particle sizes of the solids, this 
filtration step can be difficult.  We find that separating the majority of the solids by decanting the 
solution, and then conducting the filtration with the decantate, helps with the subsequent filtration.  
The filtrate is then evaporated under vacuum to remove the solvent and other volatile components, 
and the resulting oil is purified by distillation at reduced pressure (300 mTorr, 56 °C) to afford the 
chlorodiphosphine product. 
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Synthesis of (PhO)2PCH2P(OPh)2.  We find that the next intermediate in the preparation 
of DFMPM, the phenoxydiphosphine (PhO)2PCH2P(OPh)2, is best synthesized by treating 
Cl2PCH2PCl2 with NaOPh.
41, 45  This method is more convenient, especially in the workup steps, 
than an alternative procedure that installs the phenoxy groups by treatment with PhOH and 
pyridine.44  We made four improvements in this method to prepare (PhO)2PCH2P(OPh)2. 
First, Sempsrott synthesized NaOPh in situ from NaH and PhOH in Et2O.
41  This method 
works provided that an excess of NaH is employed, so as to avoid contamination of the product 
with phenol.  We find that a better method to make anhydrous NaOPh, which depends less on the 
purity of the starting materials, is from NaOH and PhOH following a literature protocol.46  Second, 
an excess of NaOPh must be added to Cl2PCH2PCl2 to ensure complete substitution; separation of 
(PhO)2PCH2P(OPh)2 from the partially substituted species is difficult.  Third, NaOPh is very 
flocculent, so that large glassware must be used to enable scale-up; for example, a reaction using 
15 mL of Cl2PCH2PCl2 must be performed in a 1-L flask.  Fourth, if this phenoxylation step is 
carried out in diethyl ether, some sticky white solids form that can interfere with the filtration step 
during workup.  By suspending the NaOPh in pentane, instead of Et2O, we find that subsequent 
addition of Cl2PCH2PCl2 affords a solution containing (PhO)2PCH2P(OPh)2 that can be easily 
separated from NaCl and excess NaOPh by filtration.  After the pentane is removed from the 
filtrate under vacuum and the resulting oil is dissolved in Et2O, a white solid precipitates from 
solution that adsorbs onto the sides of the flask; the solution is then easily decanted to remove the 
unwanted solid byproduct.  The solvent is subsequently removed from the decantate to afford the 
phenoxydiphosphine. 
Synthesis of (CF3)2PCH2P(CF3)2, DFMPM.  The procedure to synthesize DFMPM from 
(PhO)2PCH2P(OPh)2 is largely unchanged from Sempsrott’s route.41  However, we would like to 
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emphasize some important points.  Sempsrott added excess CF3SiMe3 dropwise to an Et2O slurry 
of CsF and (PhO)2CH2P(OPh)2 at 0 °C and then let the mixture warm to room temperature 
overnight.  We discovered that about 1.5 h after such a mixture reaches room temperature, an 
exothermic reaction occurs that can result in the production of a large amount of gas, either from 
boil-off of the Et2O or from decomposition of CF3SiMe3.  It appears that the process that is 
responsible for the induction period does not proceed at an appreciable rate at 0 °C.  The magnitude 
of the exotherm seems to depend on how much excess CF3SiMe3 is added, i.e., beyond 4 
equivalents per equivalent of (PhO)2PCH2P(OPh)2.  Using a room temperature bath to help draw 
heat away from the reaction flask, and adding an initial charge of no more than 4.5 molar 
equivalents of CF3SiMe3 to (PhO)2PCH2P(OPh)2, helps limit the amount of gases produced.  This 
stage of the reaction should be conducted behind a blast shield with the hood sash as low as 
possible in the event that the glassware ruptures due to overpressurization.  Proper PPE, including 
a face shield, is strongly recommended. 
The reaction should be monitored by 31P{1H} NMR spectroscopy, and additional 
CF3SiMe3 can be added if the trifluoromethylation of (PhO)2PCH2P(OPh)2 is still incomplete.  At 
this stage of the synthesis, CF3SiMe3 reacts violently with the reaction mixture and therefore the 
silane must be added slowly.  At the end of the reaction, a solution of HCl in diethyl ether is added 
to protonate the [(CF3)2PCHP(CF3)2
-] anion that is the direct product of the trifluoromethylation 
reaction.  The excess Et2O is removed by distillation at atmospheric pressure through a 15-cm 
Vigreux column.  It is best to conduct this distillation slowly because otherwise some DFMPM 
co-distills with the Et2O.  It is unnecessary to remove all of the Et2O; the synthesis of 
(PhO)2PCH2P(OPh)2 from [Cp*OsBr2]2, DFMPM, and Zn works well with a solution of the 
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phosphine in this solvent.  If HCl remains in the solution, however, some Cp*Os(DFMPM)Cl will 
be formed as a side product. 
Synthesis of Cp*Os(DFMPM)Br.  Sempsrott devised a convenient synthetic protocol for 
Cp*Os(DFMPM)Br on a 100-mg scale by treatment of Cp*Os(DFMPM)Br with excess zinc and 
excess DFMPM in refluxing ethanol.41  As he noted, however, attempts to carry out this reaction 
on larger reaction scales have led to a dramatic lowering of the yield.  Because one of our goals is 
to study the protonation of a family of Os alkyl complexes, the ability to scale up the production 
of Cp*Os(DFMPM)Br is very desirable. 
Sempsrott noted that an excess of zinc powder was required (2 molar equivalents of zinc 
per osmium) to afford reasonable yields of the desired product.  We find that the reaction tolerates 
large excesses of zinc; increasing the amount of zinc to 5 molar equivalents per osmium increases 
the reliability of the procedure with no adverse effect on the yield.  In early efforts to improve the 
synthesis, we found that the reaction does not require 5 equivalents of DFMPM per osmium; 1.1 
equivalents is sufficient.  In addition, the reaction need not be conducted in refluxing ethanol; the 
reaction proceeds readily at room temperature in Et2O, with the additional benefit that this solvent 
is easier to remove under vacuum. 
Although the above changes to the synthesis of Cp*Os(DFMPM)Br were beneficial, the 
yields obtained on larger scales were still very low.  We then explored decoupling the zinc 
reduction step from the coordination of DFMPM to osmium.  Stirring [Cp*OsBr2]2 with zinc 
powder results in the generation of intractable reduced osmium species; subsequent addition of 
DFMPM gives Cp*Os(DFMPM)Br in very low yields.  However, mixing [Cp*OsBr2]2 with 
DFMPM in Et2O at room temperature affords nearly quantitative yields of a mixture of 
Cp*Os(DFMPM)Br2 and Cp*Os(DFMPM)Br3.  The reaction of [Cp*OsBr2]2 with Lewis bases to 
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afford osmium(III) compounds of stoichiometry Cp*Os(L)Br2 has been described previously, 
where L is an organo-amine, -phosphine, -arsine, or -sulfide.47  The OsIV compound, 
Cp*Os(DFMPM)Br3, which is a minor component (~10%) of the mixture, is probably generated 
from adventitious air oxidation; [Cp*OsBr2]2 is known to react with O2 to give osmium(IV) 
species.  Separation of the osmium(III) and osmium(IV) products is unnecessary because zinc is 
able to reduce both compounds to Cp*Os(DFMPM)Br.  With this improvement, we were able to 
obtain as much as 1.8 g of Cp*Os(DFMPM)Br (in 66% yield from [Cp*OsBr2]2) in a single run. 
From this study, we conclude that initial efforts to scale up the original preparation of 
Cp*Os(DFMPM)Br failed because it was not understood that the reaction between [Cp*OsBr2]2 
and zinc powder rapidly gives intractable species that do not react with DFMPM to give the desired 
product.  On larger scales, the longer times involved caused more of the [Cp*OsBr2]2 starting 
material to undergo this unproductive side reaction. 
Characterization of Cp*Os(κ1-DFMPM)Br3 and Cp*Os(κ1-DFMPM)Br2.  As 
mentioned previously, mixing [Cp*OsBr2]2 with DFMPM in Et2O affords a mixture of Cp*Os(κ1-
DFMPM)Br3 and Cp*Os(κ1-DFMPM)Br2.  Cp*Os(κ1-DFMPM)Br3 precipitates out of solution as 
it is formed and can be isolated from the mixture by filtration as a reddish brown powder.  This 
diamagnetic compound is sparingly soluble in C6D6.  The 
19F NMR spectrum contains two 
doublets (Figure 2.1) for the unidentate phosphine, one doublet for the two CF3 groups that are 
proximal to the Os center and a second doublet for the two CF3 groups that are distal.  The 
1H 
NMR spectrum shows resonances at δ 3.73 and 1.17 that correspond to the hydrogen atoms on the 
DFMPM and Cp* ligands, respectively.  The resonance at δ 3.73 is a doublet of doublets due to 
coupling with the chemically inequivalent P atoms.  The two H atoms on the κ1-DFMPM ligand 
are chemically equivalent; in contrast, when the ligand coordinates to Cp*OsX in a κ2 fashion, the 
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H atoms become diastereotopic with one H being proximal, and the other distal, to the Cp* 
ligand.41 
 
  
Figure 2.1: NMR spectra of Cp*Os(κ1-DFMPM)Br3 in C6D6.  Left: 1H NMR spectrum.  The inset 
shows the peak structure of the H atoms of the κ1-DFMPM ligand.  Right: 19F NMR spectrum. 
 
The major component of the reaction, Cp*Os(κ1-DFMPM)Br2, is Et2O soluble and can be 
isolated as a red solid by taking the filtrate from the reaction mixture to dryness under vacuum.  
This OsIII (d5) compound is paramagnetic, as is evident by the broad and shifted resonances in the 
1H and 19F NMR spectra (Figure 2.2).  The 19F NMR spectrum contains two resonances that are 
shifted 16 ppm downfield compared to the chemical shifts of the OsIV compound.  Owing to the 
line broadening caused by the paramagnetism, the coupling patterns of the resonances are not 
resolved. 
Single crystals of Cp*Os(κ1-DFMPM)Br3 and Cp*Os(κ1-DFMPM)Br2 can be grown by 
cooling saturated CH2Cl2 or Et2O solutions, respectively.  The compounds crystallize in the P21/n 
and P212121 space groups, respectively, as red prisms.  Crystallographic data are given in Tables 
2.1 and 2.2.  The solid-state structures of the two compounds (Figures 2.14 and 2.15) are similar; 
the major differences between the two being the different number of Br- ligands and the different 
conformation adopted by the diphosphine. 
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Figure 2.2: NMR spectra of Cp*Os(κ1-DFMPM)Br2 in C6D6.  Left: 1H NMR spectrum.  Right: 
19F NMR spectrum. 
 
The average Os-Br distance of 2.5381(1) Å in the osmium(IV) compound Cp*Os(κ1-
DFMPM)Br3 is longer than the average Os-Br distance of 2.4990(2) Å in the osmium(III) 
compound Cp*Os(κ1-DFMPM)Br2; similarly, the Os-P distance of 2.3098(6) Å in the osmium(IV) 
compound is longer than the average Os-P distance of 2.2511(6) Å in the osmium(III) compound.  
Higher oxidation states usually exhibit shorter metal-ligand distances, so these differences must 
be due to the higher coordination number of the osmium(IV) compound. 
Preparation of Cp*Os(DFMPM)Et.  Sempsrott reported some preliminary studies of the 
synthesis of Cp*Os(DFMPM)Et by the reaction of Cp*Os(DFMPM)Br with ZnEt2.
41  Whether the 
reaction was performed in refluxing toluene or at 50 °C, significant amounts of what appear to be 
β-hydrogen elimination products, Cp*Os(DFMPM)H and Cp*Os(κ1-DFMPM)(CH2=CH2)H, are 
formed, and of these species from the desired product was non-trivial. 
In light of this complication, we investigated alternative methods to alkylate 
Cp*Os(DFMPM)Br.  We hypothesized that performing the alkylation at lower temperatures could 
reduce the amount of hydride that was formed.  Treatment of Cp*Os(DFMPM)Br with 
ethyllithium or ethylmagnesium reagents at -78 °C affords a new compound, which is not the 
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desired Os-Et compound but instead is a lithium or magnesium salt of the 
Cp*Os[(CF3)2PCHP(CF3)2]Br
- anion, 1 (Scheme 2.1), which is the result of deprotonation of the 
methylene backbone of the DFMPM ligand (Figure 2.3).  Addition of MeOH to 1 does not result 
in protonation and regeneration of Cp*Os(DFMPM)Br, but instead yields a new compound, in 
which one of the C-P bonds of the DFMPM ligand undergoes methanolytic cleavage (Figure 2.4).  
The identity of this compound, Cp*Os[P(CF3)2Me][P(CF3)2OMe]Br, 2, was confirmed 
crystallographically (Figures 2.16 and 2.17). 
 
 
 
Scheme 2.1: Deprotonation of Cp*Os(DFMPM)Br by EtLi.  Subsequent addition of MeOH results 
in cleavage of the C-P bond in the DFMPM ligand. 
 
Amines such as N,N,N′,N′-tetramethylethylenediamine, TMEDA, are known to increase 
the reactivity of alkylzinc reagents.48  Although Cp*Os(DFMPM)Br reacts with ZnEt2 at lower 
temperatures in the presence of TMEDA, the major product of the reaction is actually the hydride 
Cp*Os(DFMPM)H (Figure 2.5).  We have noted that TMEDA is able to promote the production 
of Cp*Os(DFMPM)H in other reactions (see below). 
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Figure 2.3: 19F NMR spectra of the products from the reaction of Cp*Os(DFMPM)Br with EtLi 
in THF.  The spectrum on the left is before addition of MeOH.  The insets show the additional 
peak structure for the two resonances corresponding to 1 in solution.  The two minor resonances 
correspond to the Cl analog of 1 (an impurity which arises from the HCl used to make DFMPM, 
see above).  The spectrum on the right is after addition of MeOH.  There are two minor impurities: 
the doublets at δ -59.32, -61.86, -62.93, and -65.47 correspond to the Cl analog of 2, whereas the 
doublets at δ -64.02 and -68.28 correspond to Cp*Os(DFMPM)H. 
 
Because we did not achieve the desired results with Cp*Os(DFMPM)Br, we turned our 
attention to alkylating the triflate analog, Cp*Os(DFMPM)(OTf).  The synthesis of 
Cp*Os(DFMPM)(OTf) from Cp*Os(DFMPM)(CH3) and HOTf in pentane was previously 
reported by Sempsrott.41  A slight modification was made to the synthesis to increase the yield of 
the product: decreasing the amount of pentane used in the reaction results in the precipitation of 
more product as it is formed.  The compound can then be isolated by filtration.  It is important to 
ensure that the HOTf is the limiting reagent, because separation of Cp*Os(DFMPM)(OTf) from 
HOTf is troublesome.  Any unreacted Cp*Os(DFMPM)(CH3) can be recovered from the filtrate. 
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Figure 2.4: NMR spectra of 2 in C6D6.  a. 
1H NMR spectrum.  The minor resonances at δ 1.51 
and 1.90 correspond to the Cp* resonance of the chloride analog of 2 and the Cp* resonance of 
Cp*Os(DFMPM)H, respectively.  b. 19F NMR spectrum.  The downfield resonances correspond 
to the CF3 groups bound to the methylphosphine and the upfield resonances correspond to the CF3 
groups bound to the methoxyphosphine.  The impurities correspond to the chloride analog of 2 
and Cp*Os(DFMPM)H.  c. 31P{1H} NMR spectrum.  Both resonances are a quartet of quartet of 
doublets.  The resonance at δ 92.3 is due to the methoxyphosphine and the resonance at δ 28.8 is 
due to the methylphosphine. 
 
Attempts to alkylate Cp*Os(DFMPM)(OTf) with ethyllithium, ethylmagnesium chloride, 
and diethylzinc did not proceed cleanly.  In addition, the major product of these reactions was 
Cp*Os(DFMPM)H, even when the reactions were conducted at -78 °C.  As seen for the reaction 
of Cp*Os(DFMPM)Br, addition of TMEDA to the ZnEt2 reaction increased the amount of 
Cp*Os(DFMPM)H produced.  One possible explanation of this behavior is that the soluble zinc 
triflates interact with one of the phosphine arms of the DFMPM ligand to free a coordination site 
on the osmium complex, and thus promote β-hydride elimination. 
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Figure 2.5: NMR spectra of Cp*Os(DFMPM)H in C6D6.  a. 
1H NMR spectrum.  The two 
resonances at δ 4.63 and 3.24 correspond to the diastereotopic CH2 atoms of the DFMPM ligand.  
Both hydrogen atoms couple to each other, to the phosphine atoms, and to the Os-H ligand.  An 
inset shows the Os-H resonance at δ -14.6. b. 19F NMR spectrum.  c.  31P{1H} NMR spectrum. 
 
To date, the best route found for synthesizing Cp*Os(DFMPM)Et is treatment of 
Cp*Os(DFMPM)Br with ZnEt2 in hot toluene.  This reaction produces Cp*Os(DFMPM)Et as the 
principal product, along with smaller amounts of the byproducts Cp*Os(DFMPM)(H2C=CH2)H 
and Cp*Os(DFMPM)H.  The temperature of the reaction affects the product distribution: 
performing the reaction at 80 °C for 16 h allows for complete consumption of Cp*Os(DFMPM)Br 
and the generation of the highest yields of Cp*Os(DFMPM)Et with minimal β-hydride elimination 
(Figure 2.6).  At both higher and lower temperatures, larger amounts of the hydride are formed. 
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Figure 2.6: NMR spectra of Cp*Os(DFMPM)Et in C6D6.  a. 
1H NMR spectrum.  The resonances 
at δ 1.88 and 1.56 correspond to the α- and β-hydrogens of the ethyl ligand, respectively.  The 
resonances at δ 1.90 and 1.52 correspond to the Cp* resonances of Cp*Os(DFMPM)H and 
Cp*Os(DFMPM)(H2C=CH2)H impurities, respectively.  b. 
13C{1H} NMR spectrum.  The 
resonances at δ -29.33 and 22.29 correspond to the α- and β-carbons of the ethyl ligand, 
respectively.  c. 19F NMR spectrum.  The resonances at δ -63.36 and -67.5 correspond to 
Cp*Os(DFMPM)H and those at δ -54.84, -62.14, and -63.36 correspond to 
Cp*Os(DFMPM)(H2C=CH2)H.  d. 
31P{1H} NMR spectrum. 
 
Single crystals of Cp*Os(DFMPM)Et were grown by cooling a saturated pentane solution 
to -20 °C.  The compound crystallizes in the 𝑃1̅ space group as yellow prisms.  Crystallographic 
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data are given in Table 2.2.  The molecular structure of Cp*Os(DFMPM)Et (Figure 2.18) is nearly 
identical with that of the methyl analog Cp*Os(DFMPM)Me.41  Selected distances and angles are 
listed in Table 2.6. 
Protonation Studies of Cp*Os(DFMPM)Et.  As shown by Sempsrott for the methane 
analog,41 we were interested in protonating the osmium ethyl compound Cp*Os(DFMPM)Et in 
order to prepare the osmium-ethane complex [Cp*Os(DFMPM)(CH3CH3)]
+.  Although our current 
procedure produces Cp*Os(DFMPM)Et mixed with small amounts (~10%) of the reaction 
byproducts Cp*Os(DFMPM)H and Cp*Os(DFMPM)(H2C=CH2)H, the mixture is more than 
suitable for our protonation studies. 
Interestingly, the acid Sempsrott employed in his protonation study, HN(SO2CF3)2, does 
not react with Cp*Os(DFMPM)Et below -20 °C, at least on timescales of several hours.  At -20 
°C and above, protonation does take place, but the resulting protonated product immediately loses 
ethane and cannot be studied by NMR spectroscopy.  Because the osmium center in 
Cp*Os(DFMPM)Et should be more basic (electron rich) than Cp*Os(DFMPM)Me, the lack of 
reactivity between Cp*Os(DFMPM)Et and HN(SO2CF3)2 cannot be an electronic effect: it must 
be a  steric effect arising from the greater steric bulk of ethyl vs. methyl. 
In order to overcome the steric barrier toward protonation, we explored two strategies: 
employing a stronger acid, and employing a less sterically bulky acid.  Perfluoroalkyl sulfonic 
acids are less sterically demanding than HN(SO2CF3)2 and ought to be sufficiently acidic to 
protonate Cp*Os(DFMPM)Et.  Somewhat to our surprise, perfluorooctane sulfonic acid, 
HOSO2C8F17, the most readily available solid perfluoroalkyl sulfonic acid, is essentially insoluble 
in CDCl2F at -130 °C, and efforts to carry out the protonation of Cp*Os(DFMPM)Et led to no 
reaction. 
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We then turned to the simplest perfluoroalkyl sulfonic acid, triflic acid (HOTf); we chose 
this liquid acid even though in previous work we preferred solid acids because they are easier to 
measure out by mass.  The following procedure proved effective for liquid acids.  The osmium 
complex is first loaded into the NMR tube by itself, and a minimal amount of the CDCl2F solvent 
is vacuum transferred onto the solid.  Because acid is not present, the mixture can be warmed to 
the boiling point of the solvent to ensure dissolution of the osmium complex.  Once the solid is 
dissolved, the solution is frozen at -196 °C and additional CDCl2F solvent is condensed on top of 
the solution.  The second portion of solvent is then thawed, and then the acid is added to the NMR 
tube with a microliter syringe while keeping the portion of the sample containing the osmium 
complex frozen.  This procedure allows the liquid acid to dissolve into the solvent without 
premature reaction with the osmium complex. 
However, administering the acid presents several challenges.  Because CDCl2F is a gas at 
room temperature (b.p. 9 °C), it is difficult to dispense solutions of the acid in this solvent with a 
microliter syringe. Therefore, the acid is best added neat.  Addition of too much HOTf (> 20 μL) 
to CDCl2F, however, raises the freezing point of the solution above -130 °C, and this effect 
interferes with the intended NMR experiment.  Furthermore, HOTf is a very corrosive acid and 
reacts with the rubber of septa.  If one is not careful, impurities from the reaction of the rubber 
septa and HOTf can be introduced into the NMR sample. 
We find that Cp*Os(DFMPM)Et reacts with HOTf in CDCl2F at -130 °C to afford 
[Cp*Os(DFMPM)(CH3CH3)][OTf].  The ethane ligand is bound to the osmium atom through a 
single CH3 group as evidenced by the presence of two distinct quartets in the 
1H NMR spectrum 
at δ -2.35 and 1.20 (Figure 2.7).  These resonances are assigned to the proximal and distal (or α 
and β) methyl group of the coordinated ethane ligand; the three-bond JHH coupling constant is 6 
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Hz.  Thus, binding of ethane to osmium causes a “desymmetrization” of the ethane molecule which 
is evident in the NMR spectrum. 
 
 
Figure 2.7: 1H NMR spectrum of [Cp*Os(DFMPM)(CH3CH3)][OTf] in CDCl2F at -100 °C.  The 
resonances at δ -2.35 and 1.20 correspond to the α- and β-CH3 groups of the bound ethane. 
 
As seen for the corresponding methane complex, it is not possible from this spectrum to 
determine the number of hydrogen atoms that bridge between the proximal methyl group and the 
osmium center: the terminal and bridging hydrogen atoms on the proximal methyl group are in 
rapid exchange, so that the chemical shift of δ -2.35 is a population-weighted average of the 
chemical shifts for the terminal and bridging hydrogen atoms in the static structure.  Unlike with 
Brookhart’s [(PONOP)Rh(CH3CH3)]+ complex,40 no line broadening is observed with increasing 
temperature; in other words, there is no evidence of exchange between the α- and β-CH3 groups in 
our system. 
Dissociation of the bound ethane complex is very slow at -105 °C and does not occur to a 
measurable extent even after 1 hour. But at higher temperatures the dissociation to form free ethane 
follows first-order kinetics with half-lives of 109 and 33 min at -100 and -95 °C, respectively.  An 
Eyring plot of the dissociation rate yields activation parameters of ΔH‡ = 14.4 ± 4.2 kcal/mol and 
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ΔS‡ = 7 ± 20 cal mol-1 K-1, which correspond to a Gibbs free energy of activation of ΔG‡ = 13.1 ± 
0.2 kcal/mol at -100 °C (Figure 2.8). 
 
 
Figure 2.8: Eyring plot of the dissociation of ethane from [Cp*Os(DFMPM)(CH3CH3)][OTf]. 
 
From these data, we conclude that the ethane complex is more thermally stable than its 
methane analog, which has half-lives of 44 and 12 min at -100 and -95 °C, respectively.41  This 
same trend was seen in Bergman and Moore’s Cp*Rh(CO)2 system49 but the opposite trend was 
observed in Brookhart’s (PONOP)Rh system, in which the ethane complex is less stable than the 
methane complex.40 
Isotopic Labeling of Cp*Os(DFMPM)Et.  As with the methane analog studied by 
Sempsrott,41 we are interested in determining how the ethane binds (i.e., how many hydrogen 
atoms bridge between carbon and osmium).  In addition, we would like to determine, for the static 
structure, the chemical shifts of the terminal (δT) and bridging (δB) hydrogens attached to the α-
carbon atom, and the coupling constants between the α-carbon and its terminal (JT) and bridging 
(JB) hydrogens. This information, which will provide significant insights into how much the 
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structure of the ethane molecule is perturbed when it is bound to a metal center, can be obtained 
through isotopic perturbation of resonance (IPR) experiments. 
In order to carry out such IPR experiments, we need to prepare a mixture of isotopologs in 
which the ethane ligand carries different numbers of deuterium atoms.  The best way to prepare 
such a mixture is to add a mixture of H+ and D+ to the Os-13CH2CH3 and Os-
13CD2CH3 isotopologs 
of the ethyl complex, as shown in Scheme 2.2.  Although the ethane-1,1,1-d3 complex will be 
1H 
NMR silent, the 1H NMR chemical shifts of the other three isotopologs and their 13C coupling 
constants will offer six observables allowing for calculation of the chemical shifts and coupling 
constants mentioned above. 
 
 
Scheme 2.2: The reaction between two isotopologs of the ethyl complex and a mixture of protio- 
and deutero-acid affords a mixture of four isotopologs of the ethane complex.  [Os] refers to the 
Cp*Os(DFMPM) fragment. 
 
In initial experiments, we carried out the reaction between Cp*Os(DFMPM)Br and 
Zn(13CH2CH3)2, with the intention of preparing Cp*Os(DFMPM)(
13CH2-CH3).  The 
1H and 
13C{1H} NMR spectra of the resulting product (Figure 2.9) showed that it consisted of an 
approximately 50:50 mixture of the desired compound Cp*Os(DFMPM)(13CH2-CH3) along with 
the isotopolog Cp*Os(DFMPM)(CH2-
13CH3) in which the 
13C label has scrambled to the β-site of 
the ethyl group.  Evidently, reversible β-hydride elimination occurs under the alkylation 
conditions, presumably via the intermediate Cp*Os(κ1-DFMPM)(H2C=CH2)H. This result was 
unexpected, because we employed alkylation conditions that we found minimized the amount of 
Cp*Os(DFMPM)H that is formed.  This result shows that the ethylene ligand in Cp*Os(κ1-
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DFMPM)(H2C=CH2)H does not readily dissociate from the osmium center, even after prolonged 
heating at 80 °C.  In addition, it appears that there is an equilibrium between the ethylene hydride 
complex and the ethyl complex, which greatly favors the latter.  From this finding, we conclude 
that the high yield of Cp*Os(DFMPM)H from the reaction of the osmium triflate complex with 
ZnEt2 at room temperature does not occur by dissociation of ethylene from Cp*Os(κ1-DFMPM)-
(H2C=CH2)H. 
 
 
Figure 2.9: 13C{1H} NMR spectrum of Cp*Os(DFMPM)(Et-13C1) in C6D6.  The carbon-13 label 
has scrambled between both the α- and β-carbons of the ethyl ligand, which appear at δ -29.33 and 
22.29, respectively; the Cp* resonances appear at δ 94.70 and 10.07.  The doublet at δ 12.66 
corresponds to the β-hydride elimination product, Cp*Os(κ1-DFMPM)(H213C=CH2)H.  The 
ethylene carbon is coupled to the bound phosphorus atom of the κ1-DFMPM ligand. 
 
Reversible β-hydride elimination presents an obstacle for preparing site-specific deuterated 
isotopologs of the Os-ethyl complex, and the presence of a mixture of isotopologs will complicate 
the IPR experiments.  Owing to scrambling of the isotopic labels between the α- and β-sites, adding 
a mixture of H+ and D+ to a mixture of d0- and d2-Os-ethyl complexes, both carrying a single 
13C 
label, would create as many as 16 isotopologs.  The resulting signal overlap and low signal-to-
noise for any one isotopolog would make it difficult to extract the desired chemical shift and 
coupling constant information. 
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In view of these findings, we chose to break the IPR experiment into two parts.  In one 
experiment, a mixture of Cp*Os(DFMPM)Et and Cp*Os(DFMPM)(Et-d2) was made to react with 
a mixture of HOTf and DOTf in CDCl2F.  The chemical shifts of the α-methyl group of the bound 
ethane ligand as a function of the extent of deuteration were used to calculate δT, δB, and ΔEBI.  
This latter term is the difference in energy between the species with a bridging hydrogen versus a 
bridging deuterium (ΔEBI); it reflects the different zero-point energies of H vs. D.  In a second 
experiment, Cp*Os(DFMPM)(Et-13C1) was treated with a mixture of HOTf and DOTf.  If we make 
the assumption that ΔEBI does not change with carbon-13 labeling (which seems reasonable), this 
experiment allows for the calculation of the remaining variables of interest, JT and JB. 
IPR Studies of Cp*Os(DFMPM)Et.  Our earlier studies of [Cp*Os(DFMPM)(CH4)]
+ 
showed that the bound methane ligand coordinates to the osmium center in a η2/κ1 manner.41  In 
order to determine how ethane in [Cp*Os(DFMPM)(CH3CH3)]
+ coordinates to osmium, we make 
use of the following equations that relate the “frozen” NMR parameters δT and δB to the observed 
chemical shifts of the isotopologs in the 1H NMR spectrum; the observed chemical shifts are 
expected to be averages owing to rapid exchange between the bridging and terminal sites (see 
Appendix A for the derivation of these equations): 
 
η2/κ1: δOs−CH3CH3 =
2δT+δB
3
 (2.1) 
 δOs−CH2DCH3 =
(1+e
−
ΔEBI
RT )δT+δB
2+e
−
ΔEBI
RT
 (2.2) 
 δOs−CHD2CH3 =
(2e
−
ΔEBI
RT )δT+δB
1+2e
−
ΔEBI
RT
 (2.3) 
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κ2: δOs−CH3CH3 =
δT+2δB
3
 (2.4) 
 δOs−CH2DCH3 =
e
−
ΔEBI
RT δT+(1+e
−
ΔEBI
RT )δB
1+2e
−
ΔEBI
RT
 (2.5) 
 δOs−CHD2CH3 =
(e
−
2ΔEBI
RT )δT+2(e
−
ΔEBI
RT )δB
e
−
2ΔEBI
RT +2e
−
ΔEBI
RT
 (2.6) 
κ3: δOs−CH3CH3 = δB (2.7) 
 δOs−CH2DCH3 = δB (2.8) 
 δOs−CHD2CH3 = δB (2.9) 
 
The equations above are the key to establishing the ethane binding mode: they describe the 
dependence of the chemical shift of the α (i.e., proximal) methyl group of the bound ethane ligand 
as a function of the extent of deuteration.  Specifically, there are different patterns for the chemical 
shift differences Δδ01 and Δδ12, where Δδ01 is the chemical shift difference between the α-d0 and 
α-d1 isotopologs, etc. (Δδ23 is not observable because the α-d3 isotopolog is silent in the 1H NMR 
spectrum; we could determine this parameter from the 2H NMR spectrum, but we do not need to 
know it to carry out the IPR analysis).  For the η2/κ1 binding mode, Equations 2.1-2.3 show that 
the Δδ values increase with increasing deuteration.  For the κ2 binding mode, equations 2.4-2.6 
indicate that the Δδ values decrease with increasing deuteration.  Finally, for the κ3 binding mode, 
Equations 2.7-2.9 show that the Δδ values are all zero (Figure 2.10). 
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Figure 2.10: Calculated 1H NMR patterns for the α-methyl resonances of [Cp*Os(DFMPM)- 
(CH3-nDnCH3)]
+, where n is 0-2, for the η2/κ1, κ2, and κ3 coordination modes.  The only assumption 
is that δT is downfield of δB. 
 
A 1:2 mixture of Cp*Os(DFMPM)Et and Cp*Os(DFMPM)(Et-d2) was treated with a 1:3 
mixture of HOTf and DOTf in CDCl2F at -130 °C.  A larger amount of the deuterated osmium 
compound was employed to compensate for the fact that it consisted of several isotopologs, owing 
to the scrambling that occurs during its synthesis.  An excess of the deuterated acid was used, in 
order to compensate for different rates of protonation vs. deuteration (i.e., a kinetic isotope effect).  
Because an excess of the acids was used, pre-deuteration of the NMR tube was unnecessary to 
prevent loss of the deuterium label through exchange with H+ ions on the surface of the glass. 
The reaction afforded a mixture of eight isotopologs, [Cp*Os(DFMPM)(CH3CH3-nDn)]-
[OTf] where n is 0 or 2, [Cp*Os(DFMPM)(CH2DCH3-nDn)][OTf] where n is 0, 1 or 2, 
[Cp*Os(DFMPM)(CHD2CH3-nDn)][OTf] where n is 0 or 1, and [Cp*Os(DFMPM)(CD3CH3-nDn)]-
[OTf], where n is 0; the lattermost of these isotopologs is silent in the 1H NMR spectrum.  The 
experimental result is as follows: the Δδ values for the α-methyl group of the bound ethane increase 
38 
 
with increasing deuteration (Figure 2.11). This result proves that the coordination of the ethane to 
the osmium involves only one bridging hydrogen atom.  This is the same binding mode as that 
seen for the methane analog. 
1H NMR spectra of the mixture were collected at -130, -120, -110, -100, and -90 °C.  The 
relatively large linewidths of the resonances of the α-CH3 groups can be ascribed to unresolved 
coupling to the β-methyl protons, and also to the presence of multiple deuterated isotopologs.  We 
solved Equations 2.1-2.3 for δT, δB, and ΔEBI at each temperature; the results suggest that these 
parameters show no clear temperature-dependence (and there should be very little over this 
temperature range).  Therefore, we averaged the values, yielding δT = 1.99 ± 0.17, δB = -10.99 ± 
0.32, and ΔEBI = 0.322 ± 0.012 kcal/mol.  According to these values, the terminal hydrogens of 
the ethane complex are significantly deshielded compared to the terminal hydrogens of the 
methane analog (δT = 0.39 ± 0.05), and the bridging hydrogen of the ethane complex is 
significantly shielded compared to the bridging hydrogen of the methane analog (δB = -8.92 ± 
0.17).41 
In order to calculate JT and JB, Cp*Os(DFMPM)(Et-
13C1) was treated with a 1:3 mixture 
of HOTf and DOTf in CDCl2F at -130 °C to generate a mixture of four isotopologs: 
Cp*Os(DFMPM)(13CH3-CH3)
+, Cp*Os(DFMPM)(13CH2D-CH3)
+, Cp*Os(DFMPM)(CH3-
13CH3)
+, 
and Cp*Os(DFMPM)(CH2D-
13CH3)
+.  1H NMR spectra were acquired at -130, -120, -110, -100, 
and -90 °C.  Because the carbon-13 label was scrambled, the 1H NMR resonance for the α-methyl 
group of the undeuterated ethane ligand consists of two overlapping components: a broad doublet 
due the isotopolog in which the 13C label is in the α site, and a broad singlet due to the isotopolog 
in which the 13C label is in the β site.  Because the 13C label is equally partitioned between the α 
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and β sites, the 1H NMR line shape in both the undeuterated and singly-deuterated regions appears 
(deceptively) to be a 1:2:1 triplet (Figure 2.12). 
 
 
Figure 2.11: The α-methyl region of the 1H NMR spectrum of the reaction between a mixture of 
Cp*Os(DFMPM)Et and Cp*Os(DFMPM)(Et-d2) and a mixture of HOTf and DOTf in CDCl2F at 
-130 °C.  The increase in Δδ with an increase in deuteration is diagnostic of a η2/κ1 binding mode.  
In this spectrum, the 3JHH coupling between the α and β sites is obscured owing to unresolved 
coupling to deuterium and the presence of multiple deuterated isotopologs. 
 
The overlapping resonances were deconvoluted by simulating the experimental spectra 
with the spin simulation package in MestReNova.  From the resulting average value of J as a 
function of the extent of deuteration, Equations 2.1-2.3 can be adapted to calculate JT and JB by 
substituting in the coupling constants for the chemical shifts.  If we make the reasonable 
assumption that ΔEBI does not change significantly with carbon-13 labeling, the equations can be 
solved to yield JT = 144 ± 3 Hz and JB = 74 ± 4 Hz.  These values are equal within error to those 
of JT (144 ± 4 Hz) and JB (83 ± 11 Hz) that Sempsrott calculated for [Cp*Os(DFMPM)(CH4)]-
[N(SO2CF3)2].
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Figure 2.12: Experimental (top) and simulated (bottom) 1H NMR spectra in the α-methyl region 
of the reaction between Cp*Os(DFMPM)(Et-13C1) and a mixture of HOTf and DOTf at -130 °C.  
There are two sets of overlapping resonances due to scrambling of the carbon-13 label during the 
synthesis of Cp*Os(DFMPM)(Et-13C1).  In this spectrum, the 
3JHH coupling between the α and β 
sites, as well as the 2JCH coupling constant when the 
13C label is in the β site, are smaller than the 
linewidth. 
 
General Observations on the Coordination of Alkanes to [Cp*Os(DFMPM)]+.  DFT 
studies of the coordination of methane to [Cp*Os(L2)]
+, where L2 is a diphosphine ligand, indicate 
that the κ1 coordination mode is lower in energy than the η2 coordination mode.50-51  In contrast, 
in most other reports of transition metal alkane complexes, the alkane is thought to be bound in an 
η2 fashion, in which both a hydrogen atoms and the proximal carbon atom are involved in bonding 
to the metal center.15, 31-34, 39-40, 52-53  Interestingly, protonation of Brookhart’s rhodium methyl and 
ethyl complexes results in an upfield 13C NMR shift for the proximal carbon atoms.39-40  Ball 
claimed that such upfield shifts of the proximal carbon atom in the 13C NMR spectrum are 
indicative of direct interaction between carbon and the transition metal.15  However, the rhodium(I) 
alkane complexes reported by Macgregor and Weller have close Rh-C distances (2.38-2.52 Å) but 
no 13C NMR resonances upfield of δ 0,32, 34, 52 suggesting that 13C NMR chemical shifts may not 
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be the best method of determining whether or not there is direct interaction between a transition 
metal and a carbon atom.  Sempsrott explained the strong shielding in the 13C NMR spectrum of 
[Cp*Os(DFMPM)(CH4)]
+ (δ -45.1) in terms of a diamagnetic anisotropy effect; the weak 
interaction between the CH4 and the osmium atom lowers the energy of some of the d-orbitals and 
creates low-lying paramagnetic excited states that can mix with the ground state.41 
We find that the hydrogen and carbon atoms of the β-CH3 group of the ethyl ligand of 
Cp*Os(DFMPM)Et shift upfield in the 1H and 13C NMR spectra when the compound is protonated 
to [Cp*Os(DFMPM)(CH3CH3)]
+ (Figure 2.13).  For comparison, protonation of 
Cp*Os(DFMPM)Me has little effect on the 13C NMR resonance of the carbon atom.41 
As mentioned above, the bridging hydrogen of the ethane compound is significantly 
shielded compared to the bridging hydrogen of the methane analog, whereas the terminal hydrogen 
atoms of the α-CH3 groups are significantly deshielded compared to the terminal hydrogens in the 
methane analog.41  The different shielding behavior of the methane and ethane complexes requires 
some explanation.  Let us assume that the diamagnetic anisotropy generated by the weakly-bound 
alkane ligand is characterized by a cone whose axis is aligned with the metal-alkane bond.  Nuclei 
that lie inside the cone are shielded, whereas nuclei that lie outside of the cone are deshielded.  In 
the methane complex, rotation about the C-HB bond is rapid, and this motion means that all three 
terminal hydrogen atoms spend some time within the shielding region.  For the ethane complex, 
the presence of the β-Me group means that there will be a preferred rotameric conformation with 
respect to the C-HB bond axis.  It is possible that, in the preferred conformation, the terminal 
hydrogens in the ethane complex spend most or all of their time outside the shielding region of the 
diamagnetic anisotropy, causing them to be deshielded. 
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Figure 2.13: NMR data for the ethyl and ethane complexes of [Cp*Os(DFMPM)]+.  a. 1H NMR 
chemicals shifts.  b. 13C NMR chemical shifts.  c. 1JCH coupling constants. 
 
Preliminary Investigation of Cp*Os(DFMPM)Np.  We attempted to prepare the 
neopentyl complex Cp*Os(DFMPM)Np, where Np = CH2CMe3.  The reaction between 
Cp*Os(DFMPM)Br and ZnNp2 is slow, and conversion of the bromo compound to products takes 
more than 10 days at 80 °C, even with 30 molar equivalents of ZnNp2.  The reaction products were 
not separable by sublimation.  TMEDA catalyzes the consumption of Cp*Os(DFMPM)Br but, as 
seen for the ethyl analog, a significant amount of Cp*Os(DFMPM)H is formed.  Reactions 
between Cp*Os(DFMPM)(OTf) and either ZnNp2 or NpLi produced intractable mixtures. 
One compound that is a product in all of these reactions (as judged by its characteristic 19F 
NMR shifts) is the hydride Cp*Os(DFMPM)H.  Because the neopentyl ligand does not contain 
any β-hydrogens and, therefore, cannot undergo β-hydrogen elimination, this hydride ligand must 
be generated by some other mechanism, such as activation of the solvent. It is possible that the 
similar formation of Cp*Os(DFMPM)H in the reaction of Cp*Os(DFMPM)(OTf) with ZnEt2 at 
room temperature, which we concluded cannot occur by loss of ethylene from 
Cp*Os(DFMPM)(H2C=CH2)(H), occurs in this same way. 
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Conclusions 
Several of the synthetic procedures previously devised to prepare the phosphine and 
osmium complexes in this project were modified to increase their reproducibility and their safety.  
The scale of the reaction to produce Cl2PCH2PCl2 was reduced by a factor of 2, which aids in 
keeping the exothermic reactions under control.  Anhydrous NaOPh is more safely and reliably 
obtained through deprotonation of PhOH by NaOH than by NaH.  The use of pentane instead of 
diethyl ether as the reaction solvent for synthesizing (PhO)2PCH2P(OPh)2 simplifies the isolation 
of the product.  The reaction to synthesize (CF3)2PCH2P(CF3)2 was made safer by slowing the rate 
of addition of the trifluoromethylating agent CF3SiMe3.  Finally, in the synthesis of 
Cp*Os(DFMPM)Br, a large increase in yield was obtained by reversing the order of addition of 
the zinc and phosphine; the reaction between [Cp*OsBr2]2 and DFMPM should be allowed to 
produce Cp*Os(DFMPM)Br2 before addition of zinc. 
Alkylation of these osmium complexes are best performed by treating Cp*Os(DFMPM)Br 
with alkylzinc reagents in toluene at 80 °C for 16 h.  The use of alkyllithium or alkylmagnesium 
reagents results in deprotonation of the DFMPM ligand rather than alkylation of the osmium.  The 
use of a more labile leaving group (i.e., OTf- instead of Br-) and/or the addition of a catalyst 
(TMEDA) leads to detrimental side reactions and results in the formation of significant amounts 
of Cp*Os(DFMPM)H. 
Protonation of Cp*Os(DFMPM)Et by HOTf at -130 °C affords the ethane coordination 
complex [Cp*Os(DFMPM)(CH3CH3)][OTf].  The ethane ligand is desymmetrized by the bind, so 
that the proximal and distal methyl groups are chemically inequivalent; furthermore, we see no 
evidence of exchange between these two environments.  IPR experiments show that ethane is 
bound to the osmium center by means of one bridging hydrogen atom; the interaction leads to a 
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significant weakening of the C-H bond, so that the 1JCH coupling constant is reduced from ca. 120 
Hz in free ethane to 74 ± 4 Hz.  Concomitantly, 1JCH coupling constants for the two terminal 
hydrogen atoms on the proximal methyl group increase from 120 Hz to 144 ± 4 Hz. 
The coordination of the ethane to [Cp*Os(DFMPM)]+ is marginally stronger than that of 
methane.  The ethane complex has a higher onset temperature for dissociation than the methane 
complex; there was no measurable dissociation of the ethane complex at -105 °C over the course 
of 1 h.  An Eyring plot of the dissociation of the ethane complex suggests that the increased 
stability of the ethane complex compared to the methane complex is due to a lower entropy of 
activation but the error in the data is too large to be conclusive.  The coordination behavior of 
alkanes with [Cp*Os(DFMPM)]+ and with [(PONOP)Rh]+ are different, so that with the current 
data one cannot make generalizations about how alkanes coordinate to different metal centers.  
Both methane and ethane coordinate to [Cp*Os(DFMPM)]+ through one bridging hydrogen atom; 
this coordination mode differs from the η2 coordination proposed to be present in alkane complexes 
of [(PONOP)Rh]+.39-40 
 
Experimental Details 
Unless otherwise stated, all operations were conducted under argon using standard Schlenk 
line and glovebox techniques.  Solvents were dried over CaH2 (CH2Cl2), sodium-benzophenone 
ketyl (Et2O, pentane, and THF), or Mg (MeOH) and distilled before use.  Al powder (325 mesh) 
and iodine were purchased from Alfa Aesar; dibromomethane, 2 M HCl in Et2O, Mg turnings, 
PCl3, POCl3, and ZnEt2 (14.5 wt% in toluene) from Sigma-Aldrich; CF3SiMe3, and CsF, from 
Oakwood Chemicals; and HOTf was purchased from SynQuest Laboratories.  These reagents were 
used without further purification.  [Cp*OsBr2]2,
54 Cp*Os(DFMPM)(CH3),
41 CDCl2F,
55 and 
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DOTf56 were prepared according to literature procedures.  Zn(CD2CH3)2 and Zn(
13CH2CH3) were 
prepared as described in Chapter 1. 
Elemental analyses were performed by the School of Chemical Sciences Microanalysis 
Laboratory at the University of Illinois at Urbana-Champaign.  Unless otherwise stated, NMR 
spectra were acquired on Varian (400 MHz, 500 MHz, and 600 MHz) and Bruker (500 MHz) 
spectrometers at room temperature.  1H and 13C NMR spectra are reported in δ units (positive 
chemical shifts to higher frequency) relative to TMS as determined from residual solvent signals.57  
19F and 31P NMR spectra are reported in δ units relative to external samples of CFCl3 in CHCl3 
and H3PO4 in H2O, respectively.  NMR spectra were processed with the MestReNova NMR 
software package.  X-ray crystallographic data were collected by the George L. Clark X-Ray 
Facility and 3M Materials Laboratory. 
Bis(dichlorophosphino)methane, Cl2PCH2PCl2.  This compound was synthesized by a 
modified literature procedure.41, 43-44  To a 2-L three-necked round-bottomed flask equipped with 
a mechanical stirrer was added Al powder (62.5 g, 2.32 mol), CH2Cl2 (500 mL, 7.83 mol), CH2Br2 
(45.0 mL, 0.641 mol), and a few crystals of I2.  The mixture was heated to reflux for 4 days to 
afford a dark slurry.  To a 3-L three-necked round-bottomed flask equipped with a mechanical 
stirrer was added PCl3 (250 mL, 2.86 mol).  The Al/CH2Cl2 reaction mixture was cannula 
transferred into the PCl3 using a Teflon cannula (ID: 3/8”) over 1.5 h while vigorously stirring 
both flasks.  CAUTION: The reaction is extremely exothermic.  The Al/CH2Cl2 mixture should be 
added to the PCl3 in as small portions as possible and paused if effervescence is observed.  The 
reaction mixture was heated to reflux overnight.  The mixture was cooled to room temperature and 
POCl3 (250 mL, 2.67 mol) was added.  The mixture was heated to reflux for 4 h.  The flask was 
sealed and cooled to -20 °C overnight, affording a yellow solution over grey solids.  The solution 
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was decanted and the remaining solids were removed by filtration.  The filtrate was taken to 
dryness under vacuum and the product was purified from the resulting oil by distillation (300 
mTorr, 56 °C).  Yield: 55.33 g (22%).  1H NMR (C6D6): δ 2.47 (t, 2JPH = 17 Hz).  31P{1H} NMR 
(C6D6): δ 176.02 (s). 
Bis(diphenoxyphosphino)methane, (PhO)2PCH2P(OPh)2.  This compound was 
synthesized by a modified literature procedure.41, 45-46  To a 1-L three-necked round-bottomed flask 
was added a solution of NaOH (23.307 g, 583 mmol) in MeOH (400 mL).  To this solution was 
added a solution of PhOH (59.194 g, 629 mmol) in toluene (300 mL).  The methanol was removed 
by distillation until the temperature of the distillate was 110 °C, adding additional toluene as 
necessary.  The mixture was allowed to cool to room temperature and the supernatant was removed 
by filter cannula.  The flocculent white powder was washed with pentane (3 × 50 mL).  The powder 
was suspended in pentane (500 mL) and Cl2PCH2PCl2 (15.0 mL, 110 mmol) was added dropwise.  
The mixture was filtered and the solids washed with pentane (3 × 50 mL).  The pentane was 
removed by distillation, affording a cloudy viscous oil.  The oil was dissolved in Et2O (100 mL) 
and decanted into a fresh flask.  The Et2O was removed under vacuum at 50 °C to afford a colorless 
oil.  Yield: 34.89 g (71%).  1H NMR (C6D6): δ 7.10 (d, 3JHH = 8 Hz, 8 H, ortho-H), 6.96 (t, 3JHH = 
8 Hz, 8 H, meta-H), 6.79 (4 H, t, 3JHH = 7 Hz, para-H), 2.75 (t, 
2JPH = 17 Hz, 2 H, PCH2P).  
31P{1H} 
NMR (C6D6): δ 177.43 (s). 
Bis[bis(trifluoromethyl)phosphino]methane, (CF3)2PCH2P(CF3)2, DFMPM.  This 
compound was synthesized by a modified literature procedure.41  CsF (16.812 g, 111 mmol) was 
finely ground with a mortar and pestle and then dried overnight under vacuum at 125 °C.  The 
powder was suspended in Et2O (25 mL) and (PhO)2PCH2P(OPh)2 (35.0 mL of a 0.96 M solution 
in Et2O, 33.6 mmol) was added.  The mixture was placed in a room temperature water bath and 
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CF3SiMe3 (22.0 mL, 149 mmol) was added dropwise.  CAUTION: No more than 4.5 equivalents 
of CF3SiMe3 should be added to (PhO)2PCH2P(OPh)2 initially; if more than this amount is added, 
the mixture can react violently and overpressurize the reaction vessel.  The addition of CF3SiMe3 
should be paused if effervescence is observed at any time.  The use of a blast shield is strongly 
recommended for the addition.  The mixture was allowed to stir overnight, eventually affording a 
cloudy amber mixture.  The reaction was monitored by 31P{1H} NMR spectroscopy and additional 
CF3SiMe3 should be added if the substitution is incomplete.  The mixture was filtered and the 
solids were washed with Et2O (50 mL).  The filtrate and washings were combined and cooled to 0 
°C.  A solution of HCl (20 mL of a 2 M solution in Et2O, 40 mmol) was added dropwise.  A white 
powder precipitated from solution and the solution color turned yellow.  The mixture was allowed 
to stir overnight and then was filtered.  The solids were washed with Et2O (50 mL).  The filtrate 
and washing were combined, and the volatile material was transferred under vacuum to a separate 
flask.  From this distillate, the majority of the Et2O was removed by distillation at atmospheric 
pressure using a 15-cm Vigreux column in an oil bath at 55 °C. The non-distilled residue was 
collected to afford the product as a 8 mL of a 1.6 M solution of (CF3)2PCH2P(CF3)2 in Et2O.  Yield: 
6.40 g (54%).  1H NMR (C6D6): δ 2.20 (t, 2JPH = 3 Hz), 19F NMR (C6D6): -55.49 (m).  31P{1H} 
NMR: δ -6.33 (m). 
(η5-Pentamethylcyclopentadienyl)(κ1-bis[bis(trifluoromethyl)phosphino]methane)-
tribromoosmium(IV), Cp*Os(DFMPM)Br3.  To a suspension of [Cp*OsBr2]2 (0.999 g, 1.03 
mmol) in Et2O (30 mL) was added DFMPM (0.600 mL, 1.11 mmol).  The mixture was allowed to 
stir overnight, affording a cloudy red mixture.  The mixture was filtered and the resulting solid 
was dried under vacuum to afford the product as a reddish brown powder.  X-ray quality crystals 
can be grown by cooling a saturated CH2Cl2 solution.  Yield: 0.185 g (10%).  
1H NMR (C6D6): δ 
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3.73 (dd, JPH = 11 Hz, 
2JPH = 4 Hz, 2 H, PCH2P), 1.17 (d, 
4JPH = 1 Hz, 15 H, Cp*).  
19F NMR 
(C6D6): δ -49.57 (d, 2JPF = 56 Hz, 6 F), -54.68 (d, 2JPF = 70 Hz, 6 F). 
(η5-Pentamethylcyclopentadienyl)(κ1-bis[bis(trifluoromethyl)phosphino]methane)-
dibromoosmium(III), Cp*Os(DFMPM)Br2.  This product was isolated as a red solid by taking 
the Et2O filtrate from the above reaction to dryness under vacuum.  X-ray quality crystals can be 
grown by cooling a saturated Et2O solution.  Yield: 1.336 g (78%).  
1H NMR (C6D6): δ 31.47 (br, 
15 H, Cp*, fwhm = 500 Hz), 15.94 (br, 2 H, PCH2P, fwhm = 250 Hz).  
19F NMR (C6D6): δ -33.38 
(br, 6 F, fwhm = 250 Hz), -39.07 (br, 6 F, fwhm = 400 Hz). 
(η5-Pentamethylcyclopentadienyl)(κ2-bis[bis(trifluoromethyl)phosphino]methane)-
bromoosmium(II), Cp*Os(DFMPM)Br.  To [Cp*OsBr2]2 (1.748 g, 1.80 mmol) was added Et2O 
(100 mL) and DFMPM (2.20 mL of a 1.85 M solution in Et2O, 4.07 mmol).  The mixture was 
stirred overnight, affording a cloudy red mixture.  Zn powder (2.411 g, 36.9 mmol) was added.  
The solution became bright orange after several minutes.  The mixture was filtered and the solids 
were washed with Et2O (3 × 20 mL).  The Et2O was removed under vacuum and the product was 
extracted with pentane (3 × 30 mL).  The pentane was removed under vacuum and the product was 
purified by sublimation (10-2 Torr, 100 °C).  Yield: 1.813 g (66%).  1H NMR (C6D6): δ 5.34 (dt, 
2JHH = 17 Hz, 
2JPH = 11 Hz, 1 H, PCH2P), 3.44 (dt, 
2JHH = 17 Hz, 
2JPH = 12 Hz, 1 H, PCH2P), 1.63 
(t, 4JPH = 2 Hz, 15 H, Cp*).  
19F NMR (C6D6): δ -55.18 (d, 2JPF = 62 Hz, 6 F), -59.89 (d, 2JPF = 71 
Hz, 6 F).  31P{1H} NMR (C6D6): δ -25.99 (m). 
(η5-Pentamethylcyclopentadienyl)(κ2-bis[bis(trifluoromethyl)phosphino]methane)-
ethylosmium(II), Cp*Os(DFMPM)Et.  To a solution of Cp*Os(DFMPM)Br (0.105 g, 0.138 
mmol) in toluene (20 mL) was added ZnEt2 (0.300 mL of a 14.5 wt% solution in toluene, 0.305 
mmol).  The solution was heated to 80 °C overnight to afford a light yellow solution, and then was 
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taken to dryness under vacuum.  The residue was extracted with pentane (3 × 10 mL), and the 
pentane extracts were filtered, combined, and taken to dryness under vacuum.  The product was 
purified by sublimation (10-2 Torr, 100 °C).  Yield: 0.071 g (72%).  Dec: 164 °C.  Anal. Calc. for 
C17H22F12OsP2: C, 28.9; H, 3.14; N, 0.00.  Found: C, 28.24; H, 3.26; N, 0.19.  
1H NMR (C6D6): δ 
5.15 (dt, 2JHH = 17 Hz, 
2JPH = 12 Hz, 1 H, PCH2P), 3.26 (dt, 
2JHH = 17 Hz, 
2JPH = 12 Hz, 1 H, 
PCH2P), 1.88 (m, 2 H, OsCH2CH3), 1.64 (t, 
4JPH = 2 Hz, 15 H, Cp*), 1.56 (t, 
3JHH = 7 Hz, 3 H, 
OsCH2CH3).  
13C{1H} NMR (C6D6): δ 94.70 (t, 2JPC = 3 Hz, C5Me5), 54.23 (t, 1JPC = 25 Hz, 
PCH2P), 22.29 (OsCH2CH3), 10.07 (s, C5Me5), -29.33 (OsCH2CH3).  
19F NMR (C6D6): δ -58.69 
(d, 2JPF = 57 Hz, 6 F), -61.34 (d, 
2JPF = 70 Hz, 6 F).  
31P{1H} NMR (C6D6): δ -31.62 (m).  IR (cm-
1): 2364 (w), 2295 (w), 2234 (w), 1261 (w), 1180 (vs), 1145 (vs), 1108 (m), 1083 (m), 1031 (m), 
988 (w), 884 (w), 769 (s), , 704 (s), 649 (m), 598 (s), 558 (s), 519 (m), 489 (s), 450 (s). 
Synthesis of [Cp*Os(DFMPM)(ethane)][OTf].  A detailed description of the apparatus 
and procedure is given in Appendix B.  In a glovebox, an oven-dried 5-mm NMR tube topped with 
a 14/20 female ground glass joint was charged with Cp*Os(DFMPM)Et (10 mg, 0.014 μmol).  
While still in the glovebox, the tube was fitted with a spinner, a gas inlet adapter, and a vacuum 
transfer apparatus, using Krytox™ grease on all ground glass joints.  The stopcocks were closed 
and the apparatus was brought out of the glovebox and attached to a Schlenk line through the 
vacuum transfer apparatus and the gas inlet adapter.  The inert gas used in the Schlenk line was 
N2, not argon, because the latter condenses too easily in liquid nitrogen.  The CDCl2F source flask 
was attached to the other end of the vacuum transfer apparatus.  The apparatus was evacuated and 
the NMR tube was cooled with liquid N2.  The stopcocks to the Schlenk line were closed so that 
the apparatus was under static vacuum.  The stopcock for the CDCl2F source flask was opened 
briefly to condense a minimal amount of CDCl2F in the NMR tube.  The NMR tube was allowed 
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to warm and the Cp*Os(DFMPM)Et was dissolved in the CDCl2F.  The solution was frozen with 
liquid N2 and additional CDCl2F was vacuum transferred onto the frozen Cp*Os(DFMPM)Et 
solution.  The second portion of CDCl2F was allowed to thaw while taking care to keep the 
Cp*Os(DFMPM)Et solution frozen.  The NMR tube was back-filled with N2 and the vacuum 
transfer apparatus was removed.  TfOH (5 μL, 0.06 μmol) was added to the thawed CDCl2F using 
a glass microsyringe.  The TfOH solution was frozen and the NMR tube was flame sealed under 
dynamic vacuum.  The sample was kept in liquid nitrogen until it was inserted into the NMR probe, 
which was pre-cooled to -130 °C.  The contents of the NMR tube were allowed to thaw inside the 
probe and mix at -130 °C for 30 min before spectra were collected. 
(κ2-Bis[bis(trifluoromethyl)phosphino]methane)(ethane)(η5-pentamethylcyclopenta-
dienyl)osmium(II) triflate, [Cp*Os(DFMPM)(CH3CH3)][OTf].  1H NMR (CDCl2F, -100 °C): 
δ 6.02 (dt, 2JHH = 18 Hz, 2JPH = 11 Hz, 1 H, PCH2P), 4.12 (dt, 2JHH = 18 Hz, 2JPH = 11 Hz, 1 H, 
PCH2P), 2.05 (s, 15 H, Cp*), 1.20 (q, 
3JHH = 6 Hz, 3 H, Os-CH3CH3), -2.34 (q, 
3JHH = 6 Hz, 3 H, 
Os-CH3CH3). 
(η5-Pentamethylcyclopentadienyl)(κ2-bis(bis(trifluoromethyl)phosphino)methane)-
(ethyl-d2)osmium(II), Cp*Os(DFMPM)(Et-d2).  This mixture of isotopologs was prepared 
analogously to Cp*Os(DFMPM)Et from Cp*Os(DFMPM)Br (0.223 g, 0.295 mmol) and 
Zn(CD2CH3)2 (0.400 mL of a 1.2 M solution in Et2O, 0.48 mmol).  Yield: 0.170 g (82%).  
1H 
NMR (C6D6): δ 5.15 (dt, 2JHH = 17 Hz, 2JPH = 12 Hz, 1 H, PCH2P), 3.25 (dt, 2JHH = 17 Hz, 2JPH = 
12 Hz, 1 H, PCH2P), 1.88 (m, OsCH2CH3), 1.65 (t, 
4JPC = 2 Hz, 15 H, Cp*), 1.56 (m, OsCH2CH3).  
19F NMR (C6D6): δ -58.69 (m, 6 F), -61.36 (d, 2JPF = 70 Hz, 6 F).  31P{1H} NMR (C6D6): δ -31.52 
(m). 
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(η5-Pentamethylcyclopentadienyl)(κ2-bis[bis(trifluoromethyl)phosphino]methane)-
(ethyl-13C1)osmium(II), Cp*Os(DFMPM)(Et-13C1).  This mixture of isotopologs was prepared 
analogously to Cp*Os(DFMPM)Et using Cp*Os(DFMPM)Br (0.109 g, 0.144 mmol) and a 
solution of Zn(13CH2CH3)2 (0.490 g, 0.535 mmol) in Et2O.  Yield: 0.083 g (82%).  
1H NMR 
(C6D6): δ 5.16 (dt, 2JHH = 17 Hz, 2JPH = 12 Hz, 1 H, PCH2P), 3.27 (dt, 2JHH = 17 Hz, 2JPH = 12 Hz, 
1 H, PCH2P), 1.88 (dq, 
1JCH = 132 Hz, 
3JHH = 8 Hz, Os
13CH2CH3, 1.88 (m, OsCH2
13CH3), 1.65 (t, 
4JPC = 2 Hz, 15 H, C5Me5), 1.56 (dt, 
1JCH = 123 Hz, 
3JHH = 8 Hz, OsCH2
13CH3, 1.56 (td, 
3JHH = 8 
Hz, 2JCH = 5 Hz, Os
13CH2CH3).  
13C{1H} NMR (C6D6): δ 94.70 (t, 2JPC = 3 Hz, C5Me5), 54.24 (s, 
PCH2P), 22.29 (t, 
3JPC = 7 Hz, OsCH2CH3), 10.07 (s, C5Me5), -29.33 (t, 
2JPC = 7 Hz, OsCH2CH3).  
19F NMR (C6D6): δ -58.69 (d, 2JPF = 58 Hz, 6 F), -61.34 (d, 2JPF = 66 Hz, 6 F).  31P{1H} NMR 
(C6D6): δ -31.75 (m). 
Synthesis of Isotopically Labeled [Cp*Os(DFMPM)(ethane)][OTf].  The procedure 
described above to prepare natural abundance [Cp*Os(DFMPM)(ethane)][OTf] was followed.  To 
make a mixture of [Cp*Os(DFMPM)(ethane-dn)][OTf], where n is 0-3, a mixture of 
Cp*Os(DFMPM)Et (7 mg, 10 μmol) and Cp*Os(DFMPM)(Et-d2) (14 mg, 20 μmol) was 
protonated with a solution of HOTf in DOTf (1:3, 10 μL).  To make a mixture of 
[Cp*Os(DFMPM)(ethane-13C1-dn)][OTf], where n is 0-1, Cp*Os(DFMPM)(Et-
13C1) (10 mg, 14 
μmol) was protonated with a solution of HOTf in DOTf (1:3, 5 μL). 
(κ2-Bis[bis(trifluoromethyl)phosphino]methane)(ethane-dn)(η5-
pentamethylcyclopenta-dienyl)osmium(II) triflate, [Cp*Os(DFMPM)(ethane-dn)][OTf].  1H 
NMR (CDCl2F, -100 °C): δ 6.02 (dt, 2JHH = 17 Hz, 2JPH = 11 Hz, 1 H, PCH2P), 4.12 (dt, 2JHH = 18 
Hz, 2JPH = 12 Hz, 1 H, PCH2P), 2.05 (s, 15 H, Cp*), 1.20 (m, Os-CH3CH3), -2.34 (m, Os-CH3CH3), 
-3.42 (m, Os-CH2DCH3), -5.14 (m, Os-CHD2CH3). 
52 
 
(κ2-Bis[bis(trifluoromethyl)phosphino]methane)(ethane-13C1-dn)(η5-pentamethyl-
cyclopentadienyl)osmium(II) triflate, [Cp*Os(DFMPM)(ethane-13C1-dn)][OTf].  
1H NMR 
(CDCl2F, -130 °C): δ 6.02 (m, PCH2P), 4.12 (m, PCH2P), 2.05 (s, Cp*), 1.20 (m, Os-13CH3CH3), 
1.20 (m, Os-CH3
13CH3) -2.32 (d, 
1JCH = 120 Hz, Os-
13CH3CH3), -2.32 (s, Os-CH3
13CH3), -3.63 (d, 
1JCH = 115 Hz, Os-
13CH2DCH3), -3.63 (s, Os-CH2D
13CH3). 
13C NMR (CDCl2F, -130 °C): δ 6.13 
(q, 1JCH = 130 Hz, Os-CH3
13CH3), -19.98 (q, 
1JCH = 120 Hz, Os-
13CH3CH3).  The signal-to-noise 
ratio was not sufficient to identify the chemical shifts of the unlabeled ligands or of the ethane-
13C1-d1 isotopomers. 
(η5-Pentamethylcyclopentadienyl)(κ2-bis[bis(trifluoromethyl)phosphino]methane)-
(trifluoromethanesulfonato)osmium(II), Cp*Os(DFMPM)(OTf).  To TfOH (0.22 g, 1.5 mmol, 
obtained by taking 14.5 mL of a 0.1 M solution in CH2Cl2 to dryness in vacuum at room 
temperature) was treated with a solution of Cp*Os(DFMPM)(CH3) (0.979 g, 1.41 mmol) in 
pentane (30 mL).  An orange powder gradually precipitated from the solution.  The solid was 
collected by filtration and dried under vacuum.  Yield: 0.717 g (60%).  Unreacted 
Cp*Os(DFMPM)(CH3) (32%) was recovered from the filtrate by drying under vacuum.  
1H NMR 
(C6D6): δ 5.55 (dt, 2JHH = 17 Hz, 2JPH = 11 Hz, 1 H, PCH2P), 3.69 (dt, 2JHH = 17 Hz, 2JPH = 13 Hz, 
1 H, PCH2P), 1.46 (s, 15 H, Cp*).  
19F NMR (C6D6): δ -56.43 (d, 2JPF = 76 Hz, 6 F, DFMPM), -
58.99 (d, 2JPF = 72 Hz, 6 F, DFMPM), -77.21 (s, 3 F, OTf).  
31P{1H} NMR (C6D6): δ -17.97 (m). 
(η5-Pentamethylcyclopentadienyl)[bis(trifluoromethyl)methylphosphine][bis 
(trifluoromethyl)methoxyphosphine]bromoosmium(II).  To a solution of Cp*Os(DFMPM)Br 
(0.104 g, 0.137 mmol) in THF (20 mL) at -78 °C and was added dropwise EtLi (0.260 mL of a 
0.57 M solution in cyclohexane/benzene, 0.148 mmol).  The solution was allowed to warm to room 
temperature and MeOH (1 mL) was added.  The solution was taken to dryness under vacuum and 
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the product was extracted with pentane (3 × 10 mL).  The extract was filtered, concentrated, and 
cooled to -20 °C to afford yellow crystals.  Yield: 0.100 g (93%).  1H NMR (C6D6): δ 3.50 (d, 3JPH 
= 11 Hz, 3 H, OMe), 2.02 (d, 2JPH = 9 Hz, 3 H, PMe), 1.55 (s, 15 H, Cp*).  
19F NMR (C6D6): δ -
58.60 (d, 2JPF = 60 Hz, 3 F), -61.36 (d, 
2JPF = 68 Hz, 3 F), -63.50 (
2JPF = 70 Hz, 3 F), -64.95 (
2JPF 
= 76 Hz, 3 F).  31P{1H} (C6D6): δ 92.3 (qqd, 2JPF = 76 Hz, 2JPF = 70 Hz, 2JPP = 15 Hz, 1 P, 
P(CF3)2OMe), 28.9 (qqd, 
2JPF = 68 Hz, 
2JPF = 60 Hz, 
2JPP = 15 Hz, 1 P, P(CF3)2Me). 
(η5-Pentamethylcyclopentadienyl)(κ2-bis[bis(trifluoromethyl)phosphino]methane)-
hydridoosmium(II), Cp*Os(DFMPM)H.  To a solution of Cp*Os(DFMPM)Br (0.211 g, 0.279 
mmol) in toluene (20 mL) was added ZnEt2 (0.550 mL of a 14.5 wt% solution in toluene, 0.560 
mmol) and TMEDA (0.090 mL, 0.600 mmol).  After 16 h, the solution color was pale yellow.  The 
solution was taken to dryness under vacuum, and the residue was extracted with pentane (3 × 10 
mL).  The extracts were filtered, combined, and taken to dryness under vacuum.  The product was 
obtained by sublimation (10-2 Torr, 55 °C). Yield of crude product: 0.179 g (67%).  The product 
can be purified by recrystallization from a saturated pentane solution.  1H NMR (C6D6): δ 4.64 
(dtd, 2JHH = 17 Hz, 
2JPH = 11 Hz, 
4JHH = 3 Hz, 1 H, PCH2P), 3.24 (dtd, 
2JHH = 17 Hz, 
2JPH = 12 Hz, 
4JHH = 2 Hz, 1 H, PCH2P), 1.90 (t, 
4JPH = 2 Hz, 15 H, Cp*), -14.60 (t, 
2JPH = 24 Hz, 
4JHH = 3 Hz, 
4JHH = 2 Hz, 1 H,Os-H).  
19F NMR (C6D6): δ -63.37 (d, 2JPF = 35 Hz, 6 F), -67.48 (d, 2JPF = 35 Hz, 
6 F).  31P NMR (C6D6): δ -25.85 (m). 
NMR Data Analysis.  NMR data were analyzed as described by Sempsrott.41  Secondary 
isotope effects from deuteration of the α-carbon of the bound ethane were estimated to be upfield 
shifts of δ 0.018 and 0.036 for single or double deuteration based on the 1H{2D} NMR chemical 
shifts of CH2DCD3 and CHD2CD3 compared to CH3CD3.
58  Our deuteration experiments generate 
a mixture of isotopologs with varying levels of deuteration of the β-carbon.  The secondary isotope 
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effect on the chemical shift of the CH3 groups in CH3CD3 and CH3CH3
58 was taken as an upper 
bound for the secondary isotope effects due to deuteration of the β-carbon of our ethane 
coordination complex.  Because these effects could not be resolved in our spectra, the secondary 
isotope effects from deuteration of the β-carbon were incorporated as 0.02 ppm contribution to the 
uncertainty of the exchange-averaged 1H NMR chemical shifts of the α-carbon.  The secondary 
isotope effect on 1JCH due to deuterium substitution of ethane is -0.2(3) Hz.
59  This value much 
smaller than the uncertainty of the coupling constants from our spectra (estimated to be 1 Hz).  
Therefore, the coupling constants deduced for the ethane coordination complex were not adjusted 
for secondary isotope effects. 
General Crystallographic Details.60  The following details were common to all of the 
crystal structure determinations; for details about individual compounds, see the SI.  Crystals 
mounted on Nylon fibers with Paratone® oil were transferred onto the diffractometer and kept 
at -173 °C in a cold nitrogen gas stream.  Intensity data were collected on a Bruker D8 Venture 
kappa diffractometer equipped with a Photon 100 CMOS detector.  An Iµs microfocus source 
provided the Mo Kα radiation (λ = 0.71073 Å) that was monochromated with multilayer mirrors.  
Standard peak search and indexing procedures gave rough cell dimensions.  The collection, cell 
refinement and integration of intensity data were carried out with the APEX3 software (Bruker).  
The measured intensities were reduced to structure factor amplitudes and their estimated standard 
deviations by correction for background, scan speed, and Lorentz and polarization effects.  No 
corrections for crystal decay were necessary.  Systematically absent reflections were deleted and 
symmetry equivalent reflections were averaged to yield the set of unique data. 
The initial model was obtained by Patterson methods for Cp*Os(DFMPM)Et and 
Cp*Os(DFMPM)Br2, and by direct methods for the other compounds (SHELXS).
61  The 
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remaining non-hydrogen atoms were located from difference maps obtained from full-matrix least-
squares refinements (SHELXL).61  In the final cycle of least squares, independent anisotropic 
displacement factors were refined for the non-hydrogen atoms, with isotropic restraints applied to 
the minor site carbon, oxygen, and fluorine atoms.  Hydrogen atoms were placed in idealized 
positions; the methyl groups were allowed to rotate about the C-X axis to find the best least-squares 
positions.  The displacement parameters for methylene hydrogens were set equal to 1.2 times Ueq 
for the attached carbon; those for methyl hydrogens were set to 1.5 times Ueq.  Successful 
convergence was indicated by the maximum shift/error of 0.001 for the last cycle.  No correction 
for decay was necessary, but absorption corrections were conducted by face-indexed or multi-scan 
methods (SADABS).62  Data collection and final refinement parameters are given in Tables 2.1 
and 2.2.  A final analysis of variance between observed and calculated structure factors showed no 
apparent errors.  Solutions were checked with PLATON for missed crystallographic symmetry. 
Cp*Os(DFMPM)Br2.  Single crystals of Cp*Os(DFMPM)Br2 were grown by cooling a 
saturated Et2O solution.  The systematic absences for h00 (h ≠ 2n), 0k0 (k ≠ 2n), and 00l (l ≠ 2n) 
were uniquely consistent with the space group P212121.  A multi-scan absorption correction was 
applied, the minimum and maximum transmission factors being 0.50 and 0.75.  Five reflections 
(004, 012, 020, 112, and -112) were obscured by the beamstop and were deleted.  The quantity 
minimized by the least-squares program was Σw(Fo2 - Fc2)2, where w = {[σ(Fo2)]2 + (0.0055P)2 + 
5.1509P}-1 and P = (Fo
2 + 2Fc
2)/3.  An isotropic extinction parameter was refined to a final value 
of x = 1.22(3) × 10-6 where Fc is multiplied by the factor k[1 + Fc
2xλ3/sin2θ]-1/4 with k being the 
overall scale factor.  Analysis of the diffraction intensities that the correct absolute structure had 
been chosen (Flack parameter = 0).  The largest peak in the final Fourier difference map (1.10 
eÅ-3) was located 0.77 Å from Os1. 
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Cp*Os(DFMPM)Br3.  Single crystals of Cp*Os(DFMPM)Br3 were grown by cooling a 
saturated CH2Cl2 solution.  Systematic absences for 0k0 (k ≠ 2n) and h0l (h + l ≠ 2n) were uniquely 
consistent with the space group P21/n.  A face-indexed absorption correction was applied, the 
minimum and maximum transmission factors being 0.026 and 0.321.  The -111 reflection was 
obscured by the beamstop and was deleted.  The quantity minimized by the least-squares program 
was Σw(Fo2 - Fc2)2, where w = {[σ(Fo2)]2 + (0.0144P)2 + 3.4598P}-1 and P = (Fo2 + 2Fc2)/3.  An 
isotropic extinction parameter was refined to a final value of x = 2.41(7) × 10-6 where Fc is 
multiplied by the factor k[1 + Fc
2xλ3/sin2θ]-1/4 with k being the overall scale factor.  The largest 
peak in the final Fourier difference map (0.82 eÅ-3) was located 0.99 Å from Os1. 
Cp*Os[P(CF3)2Me][P(CF3)2Me]Br.  Single crystals of Cp*Os[P(CF3)2Me][P(CF3)2Me]-
Br were grown by cooling a saturated pentane solution.  The orthorhombic symmetry and 
systematic absences suggested the space group P212121, which was confirmed by the success of 
the subsequent refinement.  A multi-scan absorption correction was applied, the minimum and 
maximum transmission factors being 0.3296 and 0.7461.  Three reflections (002, 020, 012, and 
101) were obscured by the beamstop, and four others (013, 201, 021, and 004) were later found to 
be statistical outliers; these reflections were deleted.  The two phosphorus ligands were disordered 
with one another as entire units; as a result, the P-Me and P-OMe groups, and also the carbon and 
fluorine atoms of all four CF3 groups, were disordered over two sites (only the phosphorus 
locations were unaffected by the disorder).  The occupancies of the two sites were constrained to 
add to 1; the site occupancy factor for the major occupancy CF3, P-Me, P-OMe groups refined to 
0.686(6).  All P-C distances were restrained to 1.870(1) Å, and all C-F distances were restrained 
to 1.350(1) Å; in addition, all F∙∙∙F distances within each disordered CF3 component, all disordered 
P-O distances, and all disordered O-C distances were restrained to be equal within 0.01 Å.  The 
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quantity minimized by the least-squares program was Σw(Fo2 - Fc2)2, where w = {[σ(Fo2)]2 + 
(0.021P)2 + 5.5P}-1 and P = (Fo
2 + 2Fc
2)/3.  An isotropic extinction parameter was refined to a 
final value of x = 2.9(2) × 10-6 where Fc is multiplied by the factor k[1 + Fc
2xλ3/sin2θ]-1/4 with k 
being the overall scale factor.  Analysis of the diffraction intensities suggested slight inversion 
twinning;  therefore, the intensities were calculated from the equation I = xIa + (1-x)Ib, where x is 
a scale factor that relates the volumes of the inversion-related twin components.  The volume of 
the major twin individual refined to a value of 0.97(1).  The largest peak in the final Fourier 
difference map (1.36 eÅ-3) was located 0.67 Å from Os1. 
Cp*Os(DFMPM)Et.  Single crystals of Cp*Os(DFMPM)Et were grown by cooling a 
saturated pentane solution.  The triclinic lattice and the average values of the normalized structure 
factors suggested the space group P1¯, which was confirmed by the success of the subsequent 
refinement.  A multi-scan absorption correction was applied, the minimum and maximum 
transmission factors being 0.33 and 0.75.  Electron density near the ethyl ligand showed that the 
molecule had co-crystallized with a very small amount of Cp*Os(DFMPM)Br; a disorder model 
was constructed in which the site occupancies of the atoms of the ethyl group and the site 
occupancy of the bromide were constrained to add to 1;  the Br site occupancy factor refined to 
0.024.  The quantity minimized by the least-squares program was Σw(Fo2 - Fc2)2, where w = 
{[σ(Fo2)]2 + (0.0076P)2 + 1.0014P}-1 and P = (Fo2 + 2Fc2)/3.  In the final cycle of least squares, 
Br1 was refined isotropically.  An isotropic extinction parameter was refined to a final value of x 
= 3.77(14) × 10-6 where Fc is multiplied by the factor k[1 + Fc
2xλ3/sin2θ]-1/4 with k being the overall 
scale factor.  The largest peak in the final Fourier difference map (1.00 eÅ-3) was located 0.75 Å 
from Os1. 
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Table 2.1: Crystallographic data for Cp*Os[P(CF3)2Me][P(CF3)2OMe]Br and 
Cp*Os(DFMPM)Br2 
Formula C16H21BrF12OOsP2 C15H17Br2F12OsP2 
Formula weight 789.38 837.24 
T (K) 100(2) 100(2) 
λ (Å) 0.71073 0.71073 
Crystal system Orthorhombic Orthorhombic 
Space group 𝑃212121 𝑃212121 
a (Å) 10.1817(3) 11.3842(3) 
b (Å) 12.8644(3) 15.4016(4) 
c (Å) 18.1281(4) 26.8887(7) 
V (Å3) 2374.45(10) 4714.5(2) 
Z, ρcalc (g/cm3) 4, 2.208 8, 2.359 
μ (mm-1) 7.289 9.03 
F(000) 1496 3128 
Crystal size (mm) 0.150×0.175×0.446 0.181×0.247×0.267 
θ range (°) 2.55 – 30.54 2.01 – 28.34 
R(int) 0.0468 0.0454 
Absorption correction Multi-scan Multi-scan 
Max., min. transmission factors 0.75, 0.33 0.75, 0.50 
Data/restraints/parameters 7244/426/481 11739/0/588 
GOF on F2 1.067 1.040 
R1 [I > 2σ(I)] 0.0243 0.0131 
wR2 (all data) 0.0545 0.0284 
max., min. Δρelect (eÅ-3) 1.36, -0.94 1.10, -0.54 
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Table 2.2: Crystallographic data for Cp*Os(DFMPM)Br3 and Cp*Os(DFMPM)Et 
Formula C15H17Br3F12OsP2 C17H22F12OsP2 
Formula weight 917.15 706.48 
T (K), λ (Å) 100(2), 0.71073 100(2), 0.71073 
Crystal system Monoclinic Triclinic 
Space group 𝑃21/𝑛 𝑃1̅ 
a (Å) 8.4045(3) 8.6309(3) 
b (Å) 12.9380(4) 9.3024(3) 
c (Å) 22.6552(7) 14.6449(5) 
α (°) 90 96.285(1) 
β (°) 97.297(1) 95.534(1) 
γ (°) 90 105.416(1) 
V (Å3) 2443.52(14) 1116.98(7) 
Z, ρcalc (g/cm3) 4, 2.493 2, 2.101 
μ (mm-1), F(000) 10.349, 1704 5.953, 676.0 
Crystal size (mm) 0.188×0.489×0.540 0.108×0.260×0.708 
θ range (°) 2.40 – 30.60 2.29 – 30.57 
R(int) 0.0606 0.0456 
Absorption correction Face-indexed Multi-scan 
Max., min. transmission factors 0.32, 0.03 0.75, 0.33 
Data/restraints/parameters 7470/0/304 6839/0/301 
GOF on F2 1.090 1.025 
R1 [I > 2σ(I)], wR2 (all data) 0.0200, 0.0456 0.0185, 0.0359 
max., min. Δρelect (eÅ-3) 0.82, -1.35 1.00, -0.86 
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Table 2.3: Selected distances and angles for a representative molecule of Cp*Os(κ1-
DFMPM)Br2 
Distances (Å) 
Os1-C1 2.2348(32) Os1-P1 2.2519(8) 
Os1-C2 2.2063(33) P1-C11 1.9091(37) 
Os1-C3 2.2491(32) P1-C12 1.8959(37) 
Os1-C4 2.2617(32) P1-C13 1.8450(32) 
Os1-C5 2.2435(33) P2-C13 1.8524(34) 
Os1-Cg 1.8786(13) P2-C14 1.8864(38) 
Os1-Br1 2.4968(3) P2-C15 1.8913(37) 
Os1-Br2 2.4904(3)   
Angles (°) 
Cg-Os1-Br1 121.0(1) Os1-P1-C13 122.28(11) 
Cg-Os1-Br2 118.2(1) C11-P1-C12 96.01(18) 
Cg-Os1-P1 135.1(1) C11-P1-C13 102.11(16) 
Br1-Os1-Br2 101.40(1) C12-P1-C13 94.66(16) 
Br1-Os1-P1 84.66(2) P1-C13-P2 118.33(18) 
Br2-Os1-P1 87.32(2) C13-P2-C14 99.13(16) 
Os1-P1-C11 118.39(13) C13-P2-C15 95.09(15) 
Os1-P1-C12 118.03(12) C14-P2-C15 95.15(17) 
Cg refers to the centroid of the Cp* ligand.  The uncertainties of angles involving Cg were 
estimated to be 0.1°. 
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Figure 2.14: Molecular structure of Cp*Os(DFMPM)Br2.  Ellipsoids are drawn at the 35% 
probability level; hydrogen atoms are omitted for clarity. 
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Table 2.4: Selected distances and angles for Cp*Os(κ1-DFMPM)Br3 
Distances (Å) 
Os1-C1 2.3016(21) Os1-Br3 2.5372(2) 
Os1-C2 2.3333(22) Os1-P1 2.3098(6) 
Os1-C3 2.3197(22) P1-C11 1.9200(28) 
Os1-C4 2.2462(22) P1-C12 1.9073(26) 
Os1-C5 2.2350(21) P1-C13 1.8445(24) 
Os1-Cg 1.9347(10) P2-C13 1.8470(25) 
Os1-Br1 2.5369(2) P2-C14 1.8849(30) 
Os1-Br2 2.5401(3) P2-C15 1.8942(28) 
Angles (°) 
Cg-Os1-Br1 108.7 Os1-P1-C11 119.37(8) 
Cg-Os1-Br2 119.6 Os1-P1-C12 118.11(9) 
Cg-Os1-Br3 107.6 Os1-P1-C13 122.52(8) 
Cg-Os1-P1 135.8 C11-P1-C12 97.34(13) 
Br1-Os1-Br2 79.27(1) C11-P1-C13 100.02(12) 
Br1-Os1-Br3 143.52(1) C12-P1-C13 93.92(11) 
Br1-Os1-P1 79.27(2) P1-C13-P2 114.88(12) 
Br2-Os1-Br3 80.04(1) C13-P2-C14 99.10(13) 
Br2-Os1-P1 104.58(2) C13-P2-C15 96.97(11) 
Br3-Os1-P1 77.32(2) C14-P2-C15 95.74(14) 
Cg refers to the centroid of the Cp* ligand.  The uncertainties of angles involving Cg were 
estimated to be 0.1°. 
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Figure 2.15: Molecular structure of Cp*Os(DFMPM)Br3.  Ellipsoids are drawn at the 35% 
probability level; hydrogen atoms are omitted for clarity. 
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Table 2.5: Selected distances and angles for Cp*Os[P(CF3)2Me][P(CF3)2Me]Br 
Distances (Å) 
Os1-C1 2.3022(49) Os1-P2 2.2275(15) 
Os1-C2 2.2574(52) P1-O1A 1.6058(79) 
Os1-C3 2.2465(51) P1-C11A 1.8698(14) 
Os1-C4 2.2924(53) P1-C12A 1.8717(14) 
Os1-C5 2.2395(45) O1A-C13A 1.3999(139) 
Os1-Cg 1.9137(23) P2-C14A 1.8682(14) 
Os1-Br1 2.5445(6) P2-C15A 1.8711(14) 
Os1-P1 2.2225(14) P2-C16A 1.8702(14) 
Angles (°) 
Cg-Os1-Br1 117.4(1) C11A-P1-C12A 93.06(28) 
Cg-Os1-P1 129.0(1) C11A-P1-O1A 95.44(34) 
Cg-Os1-P2 128.3(1) C12A-P1-O1A 94.84(38) 
Br1-Os1-P1 89.03(4) Os1-P2-C14A 122.49(25) 
Br1-Os1-P2 88.02(5) Os1-P2-C15A 115.97(25) 
P1-Os1-P2 92.69(6) Os1-P2-C16A 119.73(41) 
Os1-P1-C11A 120.17(17) C14A-P2-C15A 81.73(43) 
Os1-P1-C12A 117.55(24) C14A-P2-C16A 98.07(54) 
Os1-P1-O1A 127.91(33) C15A-P2-C16A 95.65(55) 
Distances and angles are listed only for the major component of the disorder model.  Cg refers 
to the centroid of the Cp* ligand.  The uncertainties of angles involving Cg were estimated to 
be 0.1°. 
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Figure 2.16: Molecular structure of the major component of 
Cp*Os[P(CF3)2(CH3)][P(CF3)2(OCH3)]Br.  Ellipsoids are drawn at the 35% 
probability level.; hydrogen atoms are omitted for clarity. 
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Figure 2.17: An alternative view of Cp*Os[P(CF3)2(CH3)][P(CF3)2(OCH3)]Br. 
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Table 2.6: Selected distances and angles for Cp*Os(DFMPM)Et 
Distances (Å) 
Os1-C1 2.2350(20) Os1-P2 2.2068(5) 
Os1-C2 2.2515(19) C16-C17 1.5350(34) 
Os1-C3 2.3049(20) P1-C11 1.8946(23) 
Os1-C4 2.2677(19) P1-C12 1.8975(22) 
Os1-C5 2.2509(19) P1-C13 1.8523(20) 
Os1-Cg 1.9051(9) P2-C13 1.8503(20) 
Os1-C16 2.1973(23) P2-C14 1.8869(22) 
Os1-P1 2.2040(5) P2-C15 1.9082(22) 
Angles (°) 
Cg-Os1-C16 117.1(1) C11-P1-C13 101.77(10) 
Cg-Os1-P1 138.9(1) C12-P1-C13 103.95(10) 
Cg-Os1-P2 136.9(1) P1-C13-P2 86.36(9) 
C16-Os1-P1 89.89(6) Os1-P2-C13 100.99(6) 
C16-Os1-P2 86.42(7) Os1-P2-C14 124.04(7) 
P1-Os1-P2 70.12(2) Os1-P2-C15 125.35(7) 
Os1-P1-C11 123.87(7) C13-P2-C14 102.35(10) 
Os1-P1-C12 127.37(7) C13-P2-C15 105.40(10) 
Os1-P1-C13 101.03(6) C14-P2-C15 95.71(10) 
C11-P1-C12 95.10(10)   
Distances and angles are listed only for the major component of the disorder model.  Cg refers 
to the centroid of the Cp* ligand.  The uncertainties of the angles involving Cg were estimated 
to be 0.1°. 
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Figure 2.18: Molecular structure of Cp*Os(DFMPM)Et.  Ellipsoids are drawn at the 35% 
probability level; hydrogen atoms are omitted for clarity. 
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CHAPTER 3 
LOW-TEMPERATURE PROTONATION STUDIES OF METHYL COMPLEXES OF 
GROUP 10 TRANSITION METALS 
Introduction 
The study of alkane σ-complexes is motivated, in large part, by the desire to understand 
the mechanism of alkane C-H bond activation processes, and thus aid in the development of 
efficient and selective C-H activation catalysts.  One such C-H activation process of great interest 
is the partial oxidation of methane to methanol.  Methane is an abundant natural resource which is 
currently being underutilized due to the cost of its capture, transport, and storage.  A cost-efficient 
process to convert methane into a methanol would enable the use of this natural resource in our 
liquid-fuel infrastructure as well as increase the utility of methane as a chemical feedstock.1  
Heterogeneous catalysts suffer from over-oxidation of methane; the C-H bonds of methanol are 
weaker than those of methane.  Recent work with copper zeolites addresses the issue of selectivity 
by employing low conversion rates or stepwise procedures.2 
Homogeneous catalysts offer the potential to effect selective transformations, but there 
currently are no economical processes for the conversion of methane to methanol.  The first system 
that demonstrated the capability of selective partial methane oxidation was reported by Shilov.3-4  
His system uses PtCl4
2- as the catalyst but employs stoichiometric PtCl6
2- as the oxidant; the 
process suffers from low turnover numbers due to decomposition of the catalyst into metallic 
platinum.5  Periana et al. developed a method to convert methane into a methyl ester by employing 
a platinum bipyrimidine catalyst dissolved in fuming sulfuric acid.6  Unfortunately, difficulties 
associated with the subsequent hydrolysis of methylbisulfate to methanol and separation of the 
latter render this system impractical.  Strassner and coworkers used a similar approach with a 
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palladium catalyst bearing an N-heterocyclic carbene (NHC).7  Strassner’s palladium NHC 
catalysts are stable in carboxylic acids, from which methanol can be separated more easily than 
from fuming sulfuric acid.  However, these catalytic systems suffer from low turnover numbers 
(TON < 30).8 
σ-Alkane complexes are proposed to be intermediates in alkane C-H activation processes 
that do not rely on one-electron (radical) chemistry.9  For Shilov’s catalyst and related systems, 
the coordination of the alkane to the metal center and formation of the σ-alkane complex is the 
rate limiting step and also determines the selectivity of the subsequent transformation.10  
Understanding how alkanes coordinate to group 10 metal centers can allow for the rational design 
of superior catalysts.  As mentioned in Chapter 2, σ-alkane complexes with group 6,11-12 7,13 8,14-
15 and 916-25 transition metals as well as uranium26 have been reported.  Here we describe our efforts 
to extend these studies to include the group 10 transition metals nickel, palladium, and platinum. 
 
Results and Discussion 
Synthesis of the Pincer Ligands.  In order to investigate the synthesis of group 10 alkane 
complexes, we chose PCP pincers with a 2,6-bis[(dialkylphosphino)methyl]phenyl architecture as 
the ancillary ligand: (RPCP)- where R is iso-propyl (iPr), tert-butyl (tBu), or adamantyl (Ad).  These 
ligands were selected for several reasons.  A tridentate pincer will occupy three coordination sites 
on the metal center; for square-planar NiII, PdII, and PtII metal centers, only one coordination site 
will remain for the bound alkyl or alkane group, thus simplifying the protonolysis study (Figure 
3.1).  In addition, previous studies of the methyl complexes (RPCP)M(CH3) indicate that acids 
react selectively with the methyl group and not the PCP ligand.27-28  The variety of substituents on 
the PCP ligand enables us to explore metal centers with varying degrees of electron richness.  More 
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strongly donating ligands will help strengthen the M-CH4 interaction, but if they are too donating 
then the methyl/hydride structure, MIV-(CH3)(H), will be more stable than the M
II-CH4 tautomer.
29  
The ligand should be strongly donating enough so that the methane dissociation barrier is large, 
but not so donating that oxidative cleavage of the C-H bond is thermodynamically favored. 
 
 
Figure 3.1: Our target complexes for this study. 
 
We found that the reported preparations of proligands H(iPrPCP), (iPrPCP)Br, and 
(tBuPCP)Br could be improved.  Montag et al. synthesized H(iPrPCP) by heating a solution of 
iPr2PH and α,α′-dibromo-m-xylene in MeOH to reflux for 2 days.30  Et3N was added to neutralize 
the resulting phosphonium salt.  Then, the mixture was taken to dryness under vacuum and the 
product was extracted with Et2O.  We found that both Et3NHBr and H(
iPrPCP) are soluble in Et2O 
and thus are difficult to separate; extraction with pentane instead of Et2O makes the separation of 
the phosphine product much easier owing to the low solubility of the alkylammonium salt in this 
solvent.  By treatment of 2-bromo-1,3-bis(bromomethyl)benzene with the appropriate secondary 
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phosphine, the 2-brominated proligands (iPrPCP)Br and (tBuPCP)Br can also be prepared by means 
of this modified procedure. 
Several additional modifications were required for the preparation of (AdPCP)Br.  Goerlich 
and Schmutzler reported that the starting material Ad2PH can be made by the reaction of Ad2POCl 
with LiAlH4, followed by quenching with 1 M HCl (aq).
31  We found that quenching the reaction 
with the Fieser workup (every 1 g of LiAlH4 is quenched by addition of 1 mL of H2O, 1 mL of 6 
M NaOH (aq), and 4 mL of H2O) gave significantly improved yields.  We also found that the 
subsequent reaction of Ad2PH with 2-bromo-1,3-bis(bromomethyl)benzene does not work well; 
we believe that the reason is related to the low solubility of Ad2PH in MeOH.  The reaction 
proceeds with good yield, however, in refluxing toluene in the presence of excess Et3N.  The 
Et3NHBr precipitate is removed by filtering the reaction mixture while the solvent is boiling.  
Owing to the low solubility of (AdPCP)Br in toluene, cooling the filtrate to room temperature 
results in crystallization of the product.  The crystals are collected by filtration and washed with 
pentane and acetone to afford (AdPCP)Br as a white solid.  Our attempts to prepare H(AdPCP) from 
Ad2PH and α,α′-dibromo-m-xylene were unsuccessful. 
Synthesis of the Nickel, Palladium, and Platinum Methyl Complexes (RPCP) (CH3).  
Cámpora et al. reported that the nickel(II) bromo complex (iPrPCP)NiBr can be prepared from 
(iPrPCP)Br and Ni(COD)2.
32  The reagents were mixed in THF, the solution was taken to dryness 
under vacuum, and the product was extracted with Et2O.  We find that the reaction works just as 
well when Et2O is used as the reaction solvent, which is easier to remove than THF.  The tert-butyl 
analog (tBuPCP)NiBr can be prepared by this same procedure.  However, the preparation of the 
adamantyl analog (AdPCP)NiBr should be performed in THF owing to the insolubility of 
(AdPCP)Br in Et2O.  Filtering the mixture and taking the filtrate to dryness yields (
AdPCP)NiBr. 
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We have obtained a crystal structure of the bromo complex (AdPCP)NiBr (Figure 3.2).  The 
complex crystallizes from CH2Cl2 in the C2/c space group with one molecule of CH2Cl2 in the 
asymmetric unit.  The (AdPCP)NiBr molecule, which lies on a crystallographic two-fold rotational 
axis that passes through the Ni-C(ipso) and Ni-Br bonds, contains a square-planar NiII center.  The 
aryl ring is rotated 11.44(5)° with respect to the square plane.  The Ni-Br, Ni-C, and Ni-P bond 
distances of 2.3876(4) Å, 1.9323(25) Å, and 2.2086(4) Å, respectively, as well as the Br-Ni-C, Br-
Ni-P, C-Ni-P, and P-Ni-P bond angles of 180°, 95.32(1)°, 84.68(1)°, and 169.36(3)°, respectively, 
are nearly identical to those for the tBu analog (tBuPCP)NiBr.33 
The preparation of the nickel methyl complex (iPrPCP)Ni(CH3) by reaction of (
iPrPCP)NiBr 
with MeLi in Et2O was reported by Martínez-Prieto et al.
28  (AdPCP)NiBr can be methylated by 
the same procedure if the solvent is changed to toluene.  However, this procedure does not work 
with (tBuPCP)NiBr.  Instead, methylation of (tBuPCP)NiBr is best performed with MeMgBr in 
benzene at 45 °C as reported by Schmeier et al.34  The need to increase the temperature for 
methylating (tBuPCP)NiBr may be attributed to an increase in the reaction barrier owing to the 
steric bulk of the tBu substituents of the (tBuPCP)- ligand, which is the most sterically bulky of the 
three pincer ligands we have studied. 
The preparations of the palladium complexes (iPrPCP)PdCl and (iPrPCP)Pd(CH3) reported 
by Frech et al.35 and Martínez-Prieto et al.,28 respectively, were used without modification. 
Clark and Manzer reported a preparation for (COD)Pt(CH3)Cl.
36  (COD)PtI2 was treated 
with slightly over 2 equiv of MeLi in Et2O at 0 °C.  Subsequent workup afforded (COD)Pt(CH3)2, 
which was converted into (COD)Pt(CH3)Cl by action of acetyl chloride.  In our hands, treatment 
of (COD)PtI2 with MeLi affords a significant amount of black precipitate, presumably Pt
0, and low 
yields of the desired dimethyl compound (COD)Pt(CH3)2.  Methylation with MeMgBr avoids this 
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issue.  However, subsequent quenching of the reaction with saturated NH4Cl (aq) at 0 °C gives a 
mixture of (COD)Pt(CH3)2 and (COD)Pt(CH3)I.  We hypothesized that interaction of NH3 with 
the Pt center might be responsible for producing a mixture of products.  Quenching the reaction 
instead with saturated NEt2H2Cl (aq) at room temperature gives (COD)Pt(CH3)I.  Just as 
(iPrPCP)PtCl can be synthesized from (COD)Pt(CH3)Cl,
27 we found that (iPrPCP)PtI can be 
synthesized in an analogous manner from (COD)Pt(CH3)I. 
Poverenov et al. reported that treatment of (iPrPCP)PtCl with MeLi in toluene affords 
(iPrPCP)Pt(CH3).
27  In our hands, treatment of (iPrPCP)PtCl with MeLi or MeMgBr in toluene did 
not work well, but changing the reaction solvent to benzene resulted in the generation of 
(iPrPCP)Pt(CH3) in good yield. 
Protonation Studies.  We began with some preliminary experiments to study the low-
temperature protonation of (RPCP)M(CH3) complexes.  Protonation of (
iPrPCP)Ni(CH3) and 
(iPrPCP)Pt(CH3) with HN(SO2CF3)2 is slow: resonances that would be indicative of the formation 
of [MIV-(CH3)(H)]
+ or [MII-CH4]
+ species were not observed in the 1H NMR spectra. Instead, 
resonances due to (iPrPCP)M(CH3) persisted until the temperature was raised above -20 °C.  These 
results indicated that protonation of these organometallic complexes with HN(SO2CF3)2 is 
characterized by a large barrier, which is probably related to the steric bulk of the acid.  
Protonation of (tBuPCP)Ni(CH3) with the sterically less demanding acid HOTf in CDCl2F 
proceeds at -130 °C.  However, the resulting protonation product is unstable towards dissociation 
of methane.  Mr. Nicolas Capra and I also investigated the protonation of the palladium and 
platinum complexes (iPrPCP)Pd(CH3) and (
iPrPCP)Pt(CH3); these metals are expected to form 
stronger metal-alkane bonds.  Treatment of the palladium complex (iPrPCP)Pd(CH3) with the 
carbon acid H2C(SO2CF3)2 at -130 °C resulted in complete protonation and release of CH4 before 
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NMR spectra could be acquired.  In contrast, the platinum analog (iPrPCP)Pt(CH3) reacts with 
H2C(SO2CF3)2 and HOTf slowly below -60 °C.  The methyl resonance for (
iPrPCP)Pt(CH3) 
diminishes as the resonance for free methane grows in.  However, no resonances upfield of δ 0, 
which would be diagnostic for the presence of a methane coordination complex or a methyl hydride 
complex, were observed. 
 
Conclusions 
Several adjustments were made to literature procedures to afford a series of group 10 PCP 
pincer complexes of nickel, palladium, and platinum.  Protonation of (tBuPCP)Ni(CH3) and 
(iPrPCP)Pd(CH3) results in the loss of methane, even at -130 °C, without observation of any alkane 
or alkyl/hydride intermediates.  Protonation of (iPrPCP)Pt(CH3) even with HOTf is slow until the 
temperature is raised to -60 °C, and under these conditions the protonation also results in the 
immediate loss of methane.  
The results suggest that, in order to stabilize methane coordination complexes of square-
planer NiII, PdII, or PtII, more electron-rich metal centers will be required.  Adding electron 
donating substituents to the para-position of the PCP ligand should increase the electron density 
on the metal; alternatively, the phosphine substituents of the pincer ligand could be replaced with 
NHC or amine substituents. 
 
Experimental Details 
Unless otherwise stated, all operations were conducted under argon using standard Schlenk 
line and glovebox techniques.  Solvents were dried over sodium-benzophenone ketyl (Et2O, 
pentane, THF, and benzene), CaH2 (DCM), CaCl2 (acetone), magnesium (MeOH), or sodium 
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(toluene) and distilled before use.  MeLi in Et2O and MeMgBr in Et2O were purchased from 
Sigma-Aldrich and titrated by a literature procedure.37  NBS was recrystallized from H2O and dried 
in a vacuum desiccator.  The compounds iPr2PH and 
tBu2PH,
38 Ni(COD)2,
39 (iPrPCP)NiBr and 
(tBuPCP)NiBr,32 (iPrPCP)NiCH3,
28 (tBuPCP)NiCH3,
34 (iPrPCP)PdCH3,
28 (COD)PtI2
36, and CDCl2F
40 
were prepared according to literature procedures. 
Elemental analyses were performed by the School of Chemical Sciences Microanalysis 
Laboratory at the University of Illinois at Urbana-Champaign.  Unless otherwise stated, NMR 
spectra were acquired on Varian (400 MHz, 500 MHz, and 600 MHz) and Bruker (500 MHz) 
spectrometers at room temperature.  1H and 13C NMR spectra are reported in δ units (positive 
chemical shifts to higher frequency) relative to TMS as determined from residual solvent signals.41  
31P NMR spectra are reported in δ units relative to an external sample of 85% H3PO4 in H2O, 
respectively.  NMR spectra were processed with the MestReNova NMR software package.  X-ray 
crystallographic data were collected by the George L. Clark X-Ray Facility and 3M Materials 
Laboratory. 
2-Bromo-1,3-bis(bromomethyl)benzene.  This compound was synthesized in air.  To a 
mixture of NBS (35.615 g, 200 mmol), 75% benzoyl peroxide (2.02 g, 6.25 mmol), and 2-bromo-
m-xylene (13.0 mL, 97.6 mmol) was added CHCl3 (250 mL).  The mixture heated to reflux 
overnight.  The mixture was taken to dryness by rotary evaporation and the residue was suspended 
in hexanes (200 mL).  The mixture was heated to boiling and vacuum-filtered while still hot.  The 
product, which crystallized as the filtrate cooled, was collected and dried in a vacuum desiccator.  
Yield: 18.86 g (56%).  1H NMR (C6D6): δ 6.68 (AB2, JAB = 7.7 Hz, 2 H, Ar-H), 6.59 (AB2, JAB = 
7.7 Hz, 1 H, Ar-H), 4.06 (s, 4 H, CH2). 
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1,3-Bis(diisopropylphosphinomethyl)benzene, H(iPrPCP).  To a solution of α,α′-
dibromo-m-xylene (8.68 g, 32.9 mmol) in MeOH (60 mL) was added a solution of iPr2PH (8.37 g, 
70.8 mmol) in MeOH (30 mL).  The solution was heated to reflux for 2 days.  Et3N (30 mL) was 
added, causing precipitation of a white solid.  The mixture was taken to dryness under vacuum and 
the product was extracted with pentane (3 × 20 mL).  The combined pentane extracts were filtered, 
combined, and taken to dryness under vacuum to afford the product as a cloudy oil.  Yield: 7.07 g 
(63%).  1H NMR (C6D6): δ 7.44 (s, 1 H, Ar-H), 7.19-7.12 (m, 3 H, Ar-H), 2.69 (s, 4 H, CH2), 1.61 
(sept of d, 3JHH = 7 Hz, 
2JPH = 2 Hz, 4 H, CHMe2), 1.02 (d, 
3JHH = 7 Hz, 12 H, CHMe2), 0.99 (dd, 
3JHH = 7 Hz, 
3JPH = 1 Hz, 12 H, CHMe2).  
31P{1H} NMR (C6D6): δ 10.50.  The NMR data are 
consistent with literature values.42 
2-Bromo-1,3-bis(diisopropylphosphinomethyl)benzene, (iPrPCP)Br.  This compound 
was synthesized as described for H(iPrPCP) from iPr2PH and 2-bromo-1,3-bis(bromomethyl)-
benzene.  The product was isolated as a low-melting solid.  Yield: 2.93 g (71%).  M.p: 18 °C.  
Anal. Calc. for C20H35BrP2: C, 57.6; H, 8.45; Br, 19.2.  Found: C, 57.0; H, 8.04; Br, 18.8.  
1H 
NMR (C6D6): δ 7.26 (d, 3JHH = 8 Hz, 2 H, Ar-H), 6.94 (t, 3JHH = 8 Hz, 1 H, Ar-H), 2.97 (d, 2JPH = 
2 Hz, 4 H, CH2), 1.67 (sd, 
3JHH = 7 Hz, 
2JPH = 1 Hz, 4 H, CHMe2), 1.03 (dd, 
3JHH = 7 Hz, 
3JPH = 4 
Hz, 12 H, CHMe2), 1.01 (dd, 
3JHH = 7 Hz ,
3JPH = 5 Hz, 12 H, CHMe2).  
31P{1H} NMR (C6D6): δ 
10.11 (s).  The 1H NMR data are consistent with literature values but the 31P{1H} NMR resonance 
is shifted downfield by δ 3.46 compared to the literature value.42 
2-Bromo-1,3-bis(di-tert-butylphosphinomethyl)benzene, (tBuPCP)Br.  This compound 
was synthesized as described for H(iPrPCP) from tBu2PH and 2-bromo-1,3-bis(bromomethyl)-
benzene.  The product was isolated as a white solid.  Yield: 4.79 g (95%).  1H NMR (C6D6): δ 7.69 
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(dd, 3JHH = 8 Hz, 
4JPH = 3 Hz, 2 H, Ar-H), 7.04 (t, 
3JHH = 8 Hz, 1 H, Ar-H), 3.11 (d, 
2JPH = 3 Hz, 
4 H, CH2), 1.11 (d, 
3JPH = 11 Hz, 24 H, CMe3).  
31P{1H} NMR (C6D6): δ 34.35 (s). 
Di-1-adamantylphosphine, Ad2PH.  To a mixture of adamantane (20.073 g, 147 mmol) 
and AlCl3 (21.003 g, 158 mmol) was added PCl3 (65.0 mL, 745 mmol).  The mixture was heated 
to reflux, affording a cloudy orange mixture.  The majority of excess PCl3 was removed by 
distillation, yielding a thick orange sludge.  The sludge was diluted with CHCl3 (150 mL) and 
deionized water (100 mL) was slowly added to the orange mixture.  Effervescence and warming 
were observed.  The mixture was vacuum-filtered open to air.  The organic layer was separated 
from the aqueous layer and the aqueous layer was washed with CHCl3 (3x30 mL).  The organic 
portions were combined, dried over MgSO4, and filtered to afford a pale yellow solution.  The 
solution was dried by rotary evaporation until a viscous pale yellow oil remained.  The oil was 
dried under dynamic vacuum with heating to 60 °C, affording a white powder.  The powder was 
dissolved in THF (500 mL) and added dropwise to a cold (0 °C) slurry of LiAlH4 (3.523 g, 92.8 
mmol) in THF (50 mL).  The mixture was allowed to warm to room temperature after the addition 
was complete and the mixture was stirred overnight.  Excess LiAlH4 was quenched with H2O (3.5 
mL), followed by a 6 M NaOH (aq) solution (3.5 mL), and finally H2O (14 mL).  The mixture was 
filtered and the solids washed with THF (50 mL).  The filtrate and washing were combined and 
dried under vacuum, affording a white powder.  Yield: 20.15 g (90%).  1H NMR (C6D6): δ 2.92 
(d, 1JPH = 202 Hz, 1 H, P-H), 2.03-1.62 (m, 60 H, C10H15).  
31P{1H} NMR (C6D6): 18.71 (s).  The 
NMR data differed somewhat from those given in the literature but a different solvent was used.31 
2-Bromo-1,3-bis(di-1-adamantylphosphinomethyl)benzene, (AdPCP)Br.  To a mixture 
of Ad2PH (2.514 g, 8.31 mmol) and 2-bromo-1,3-bis(bromomethyl)benzene (1.409 g, 4.11 mmol) 
was added toluene (25 mL) and Et3N (7.50 mL, 53.8 mmol).  The mixture was heated to reflux for 
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2 days.  The mixture was filtered hot and the filtrate was allowed to cool to room temperature.  A 
white solid crystallized out of solution.  The solid was collected by filtration, washed with pentane 
(3 × 10 mL) and acetone (70 mL), and dried under vacuum.  Yield: 1.980 g (61%).  Anal. Calc. 
for C48H67BrP2: C, 73.4; H, 8.59; Br, 10.2.  Found: C, 73.0; H, 8.72; Br, 10.6.  
1H NMR (C6D6): δ 
7.88 (dd, 3JHH = 8 Hz, 
4JPH = 3 Hz, 2 H, Ar-H), 3.19 (
2JPH = 3 Hz, 4 H, CH2), 2.04-1.60 (m, 60 H, 
C10H15); the last Ar-H resonance is obscured underneath the residual solvent peak.  
31P{1H} NMR 
(C6D6): δ 31.37 (s). 
[2,6-Bis(di-tert-butylphosphinomethyl)phenyl]bromonickel(II), (tBuPCP)NiBr.  To a 
mixture of Ni(COD)2 (0.976 g, 3.55 mmol) and (
tBuPCP)Br (1.731 g, 3.66 mmol) was added Et2O 
(200 mL).  The mixture was stirred for 16 h and taken to dryness under vacuum to afford a dark 
yellow solid.  Yield: 1.512 g (80%).  1H NMR (C6D6): δ 7.02 (t, 3JHH = 7 Hz, 1 H, Ar-H), 6.85 (d, 
3JHH = 7 Hz, 2 H, Ar-H), 2.93 (A part of an A2A′2XX′ spin system, 2JPH = 5 Hz, 2JPP′ = 5 Hz, 4JPH 
= 2.4 Hz, 4 H, CH2), 1.41 (A part of an A18A′18XX′ spin system, 3JPH = 9 Hz, 2JPP′ = 5 Hz, 5JPH = 
4 Hz, 36 H, CMe3).  
31P{1H} NMR (C6D6): δ 67.33 (s).  The NMR data are consistent with 
literature values.33 
[2,6-Bis(di-1-adamantylphosphinomethyl)phenyl]bromonickel(II), (AdPCP)NiBr.  To 
a mixture of Ni(COD)2 (0.179 g, 0.651 mmol) and (
AdPCP)Br (0.503 g, 0.640 mmol) was added 
THF (20 mL).  The mixture was stirred for 16 h and taken to dryness under vacuum to afford a 
dark yellow solid.  Yield: 0.411 g (76%).  Anal. Calc. for C48H67BrNiP2: C, 68.3; H, 8.00; Br, 9.46; 
Ni, 6.95.  Found: C, 67.1; H, 7.90; Br, 8.84; Ni, 6.2.  1H NMR (C6D6): δ 7.09 (t, 3JHH = 8 Hz, 1 H, 
Ar-H), 6.99 (d, 3JHH = 8 Hz, 2 H, Ar-H), 3.03 (m, 4 H, CH2), 2.63-1.53 (m, 60 H, C10H15).  
31P{1H} 
NMR (C6D6): δ 57.41 (s). 
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[2,6-Bis(di-1-adamantylphosphinomethyl)phenyl](methyl)nickel(II), (AdPCP)NiCH3.  
To a solution of (AdPCP)NiBr (0.117 g, 0.139 mmol) in toluene (20 mL) at -78 °C was added MeLi 
(0.080 mL of a 1.7 M solution in Et2O, 0.14 mmol) dropwise.  The solution was stirred at room 
temperature for 16 h, then cooled to -78 °C and treated with MeOH (2 mL) dropwise.  The mixture 
was warmed to room temperature and filtered.  The filtrate was taken to dryness under vacuum, 
affording the product as a yellow solid.  Yield: 0.069 g (62%).  1H NMR: δ 7.26-6.99 (m, 3 H, Ar-
H), 3.30 (“t”, 2JPH = 3 Hz, 4JPH = 3 Hz, 4 H, CH2), 2.37-1.57 (m, 60 H, C10H15).  31P{1H} NMR 
(C6D6): δ 63.83 (s). 
(1,5-Cyclooctadiene)(methyl)iodoplatinum(II), (COD)PtMeI.  To a suspension of 
(COD)PtI2 (2.974 g, 5.34 mmol) in benzene (30 mL) was added MeMgBr (3.60 mL of a 3.0 M 
solution in Et2O, 10.8 mmol) dropwise, affording a colorless solution.  Immediately afterwards, 
excess MeMgBr was quenched by adding a saturated aq. Et2NH2Cl (ca. 2 mL).  The mixture 
immediately darkened, effervescence was observed, and a brown precipitate formed.  Deionized 
water (ca. 10 mL) was added to dissolve the solids.  The aqueous and benzene layers were 
separated and the aqueous layer was washed with benzene (3 × 10 mL).  The benzene portions 
were combined, dried over anhydrous Na2SO4, and filtered.  The filtrate was taken to dryness by 
rotary evaporation affording a dirty yellow residue, which was dried further in a vacuum 
desiccator.  Yield: 2.182 g (92%).  1H NMR (CDCl3): δ 5.54 (m, 2 H, 2JPtH = 45 Hz, CH), 4.66 (m, 
2JPtH = 74 Hz, 2 H, CH), 2.57-1.89 (m, 8 H, CH2), 1.11 (s, 
2JPtH = 72 Hz, 3 H, Pt-Me). 
[2,6-Bis(diisopropylphosphinomethyl)phenyl]iodoplatinum(II), (iPrPCP)PtI.  To a 
solution of (COD)PtMeI (0.337 g, 0.756 mmol) in toluene (30 mL) was added H(iPrPCP) (0.265 
mL, 0.750 mmol).  Effervescence was observed.  The solution was stirred, heated to reflux 
overnight, and then taken to dryness under vacuum.  The product was extracted from the residue 
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with pentane (3 × 20 mL).  The extracts were filtered and combined.  The solution was 
concentrated to saturation at reflux and then cooled to -20 °C to crystallize the product.  The pale 
yellow crystals were collected by filtration and dried under vacuum.  Yield: 0.126 g (26%).  1H 
NMR (C6D6): δ 7.05 (d, 3JHH = Hz, 2 H, Ar-H), 2.75 (m, 4 H, CH2), 2.34 (m, 4 H, CHMe2), 1.35 
(m, 12 H, CHMe2), 0.82 (m, 12 H, CHMe2).  
31P{1H} NMR (C6D6): δ 57.74 (s, 1JPtP = 2789 Hz). 
[2,6-Bis(diisopropylphosphinomethyl)phenyl](methyl)platinum(II), (iPrPCP)PtCH3.  
To a solution of (iPrPCP)PtCl (0.243 g, 0.428 mmol) in benzene (5 mL) was added dropwise MeLi 
(0.600 mL of a 1.6 M solution in Et2O, 0.960 mmol).  The solution, which became deeper yellow 
and cloudy, was stirred overnight and then taken to dryness under vacuum.  The product was 
extracted with Et2O (3 × 10 mL).  The extracts were filtered and combined.  The solution was 
concentrated to saturation and then cooled to -20 °C to crystallize the product.  The yellow crystals 
were collected by filtration and dried under vacuum.  Yield: 0.109 g (46%).  1H NMR (C6D6): δ 
7.28 (m, 3 H, Ar-H), 3.05 (A part of an A2A′2XX′ spin system with additional Pt coupling, 2JPP′ = 
ca. 100 Hz, 3JPtH = 18 Hz, 
2JPH = 8.2 Hz, 4 H, CH2), 2.06 (C part of an A6A′6B6B′6CC′XX′ spin 
system, 2JPP′ = ca. 100 Hz, 
3JHH = 7 Hz, 
2JPH + 
2JP′H = 5 Hz, 4 H, CHMe2), 1.17 (A part of an 
A6A′6B6B′6CC′XX′ spin system, 2JPP′ = ca. 100 Hz, 3JPH + 3JP′H = 14 Hz, 3JHH = 7 Hz, 12 H, CHMe2) 
0.92 (“s”, 2JPtH = 10 Hz, 3 H, Pt-Me), 0.88 (B part of an A6A′6B6B′6CC′XX′ spin system, 2JPP′ = 
ca. 100 Hz, 3JPH + 
3JP′H = 14 Hz, 
3JHH = 7 Hz, 12 H, CHMe2).  
31P{1H} NMR (C6D6): δ 57.17 (s, 
1JPtP = 2903 Hz).  For reasons that are unclear, the 
1H NMR chemical shifts deviate by as much as 
0.5 ppm from the values reported in the literature, although the 31P NMR chemical shift and Pt 
coupling constant agree exactly.27 
Crystallographic Details.43  Single crystals of (AdPCP)NiBr were grown by cooling a 
saturated CH2Cl2 solution.  A crystal mounted on a Nylon fiber with Paratone
® oil was transferred 
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onto the diffractometer and kept at -173 °C in a cold nitrogen gas stream.  Intensity data were 
collected on a Bruker D8 Venture kappa diffractometer equipped with a Photon 100 CMOS 
detector. An Iµs microfocus source provided the Mo Kα radiation (λ = 0.71073 Å) that was 
monochromated with multilayer mirrors.  Standard peak search and indexing procedures gave 
rough cell dimensions, and least squares refinement using 50977 reflections yielded the cell 
dimensions given in Table 3.1. 
Data were collected with an area detector by using the measurement parameters listed in 
Table 3.1.  The systematic absences hkl (h + k ≠ 2n) and h0l (l ≠ 2n) were consistent with the space 
groups Cc and C2/c.  The average values of the normalized structure factors suggested the space 
group C2/c, and this choice was confirmed by successful refinement of the proposed model. The 
measured intensities were reduced to structure factor amplitudes and their estimated standard 
deviations by correction for background, scan speed, and Lorentz and polarization effects.  No 
corrections for crystal decay were necessary, but a face-indexed absorption correction 
(SADABS)44 was applied, the minimum and maximum transmission factors being 0.61 and 0.69.  
Systematically absent reflections were deleted and symmetry equivalent reflections were averaged 
to yield the set of unique data.  All 5932 unique data were used in the least squares refinement. 
The structure was solved using Patterson methods (SHELXS).45  Correct positions for Br1, 
Ni1, and P1 atoms were deduced from a Patterson map.  Subsequent least-squares refinement and 
difference Fourier calculations (SHELXL)45 revealed the positions of the remaining non-hydrogen 
atoms.  The quantity minimized by the least-squares program was Σw(Fo2 - Fc2)2, where w = 
{[σ(Fo2)]2 + (0.0352P)2 + 17.0021P}.-1 and P = (Fo2 + 2Fc2)/3.  The analytical approximations to 
the scattering factors were used, and all structure factors were corrected for both real and imaginary 
components of anomalous dispersion.  In the final cycle of least squares, independent anisotropic 
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displacement factors were refined for the non-hydrogen atoms.  Hydrogen atoms were placed in 
idealized positions; the methyl groups were allowed to rotate about the C-C axis to find the best 
least-squares positions.  The displacement parameters for methylene and methine hydrogens were 
set equal to 1.2 times Ueq for the attached carbon; those for methyl hydrogens were set to 1.5 times 
Ueq.  An isotropic extinction parameter was refined to a final value of x = 2.90(12) × 10
-6 where 
Fc is multiplied by the factor k[1 + Fc
2xλ3/sin2θ]-1/4 with k being the overall scale factor.  Successful 
convergence was indicated by the maximum shift/error of 0.001 for the last cycle.  Final refinement 
parameters are given in Table 3.1.  The largest peak in the final Fourier difference map (1.10 eÅ3) 
was located 0.77 Å from Cl1.  A final analysis of variance between observed and calculated 
structure factors showed no apparent errors. Solutions were checked with PLATON for missed 
crystallographic symmetry. 
 
93 
 
Table 3.1: Crystallographic data for (AdPCP)NiBr 
Formula C50H71BrCl4NiP2 
Formula weight 1014.42 
T (K) 100(2) 
λ (Å) 0.71073 
Crystal system Monoclinic 
Space group C2/c 
a (Å) 11.8364(5) 
b (Å) 17.0215(7) 
c (Å) 24.0747(12) 
β (°) 100.168(1) 
V (Å3) 4774.2(4) 
Z, ρcalc (g/cm3) 4, 1.411 
μ (mm-1) 1.57 
F(000) 2128 
Crystal size (mm) 0.316×0.365×0.394 
θ range (°) 2.393 – 30.511 
R(int) 0.0349 
Absorption correction Face-indexed 
Max., min. transmission factors 0.69, 0.61 
Data/restraints/parameters 5932/0/265 
GOF on F2 1.049 
R1 [I > 2σ(I)] 0.0340 
wR2 (all data) 0.0846 
max., min. Δρelect (eÅ-3) 1.10, -1.08 
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Table 3.2: Selected distances and angles for (AdPCP)NiBr 
Distances (Å) 
Ni1-Br1 2.3876(4) P1-C16 1.9806(19) 
Ni1-P1 2.2086(4) C1-C2 1.4428(21) 
Ni1-C1 1.9323(25) C2-C3 1.3968(25) 
P1-C5 1.8480(19) C2-C5 1.5427(25) 
P1-C6 1.8032(17) C3-C4 1.4169(24) 
Angles (°) 
Br1-Ni1-P1 95.32(1) C6-P1-C16 116.10(8) 
Br1-Ni1-C1 180.00 Ni1-C1-C2 121.23(11) 
P1-Ni1-C1 84.68(1) C2-C1-C2A 117.55(22) 
P1-Ni1-P1A 169.36(3) C1-C2-C3 120.94(18) 
Ni1-P1-C5 105.06(6) C1-C2-C5 119.80(16) 
Ni1-P1-C6 103.78(6) C2-C3-C4 120.20(18) 
Ni1-P1-C16 124.15(5) C3-C4-C3A 120.06(24) 
C5-P1-C6 105.88(8) C2-C5-P1 103.93(12) 
C5-P1-C16 99.96(8)   
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Figure 3.2: Molecular structure of (AdPCP)NiBr. Ellipsoids are drawn at the 35% probability 
level; hydrogen atoms and solvent molecules are omitted for clarity. 
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CHAPTER 4 
SYNTHESIS AND CHARACTERIZATION OF PCP PINCER COMPLEXES OF 
TITANIUM AND CHROMIUM 
Introduction 
The study of pincer complexes of the early transition metals (groups 4, 5, and 6) is a young 
but growing area of chemistry.  In 1992, van Koten reported that an (NCN)TaV neopentylidene 
complex could perform Wittig-type reactions to transform ketones and imines into alkenes.1  
Beginning in 2005, Mindiola demonstrated that (PNP)TiIV alkylidynes could perform aryl C-F 
bond cleavage,2-7 C-O bond cleavage,4, 8 C-H bond cleavage,4, 9 and denitrogenation of pyridines 
and picolines.10  Since these earlier developments, early transition metal pincer complexes have 
been discovered that display catalytic activity for olefin oligomerization,11-15 olefin 
polymerization,16-29 alkyne polymerization.30-31 olefin isomerization,32-33 olefin hydroamination,34-
39 and the hydrosilylation of ketones.40-41 
The aforementioned systems utilize metathesis and insertion reactions in their elementary 
steps.  During these reactions, the oxidation state of the metal does not change.  However, early 
transition metal pincer complexes are not limited to these kinds of transformations: they can also 
catalyze reactions in which there is a change in the oxidation state of the metal center.  Veige used 
(OCO)CrIII pincer compounds as catalysts for oxygen atom transfer reactions, with air as the 
oxygen source.42-44  Molybdenum pincer complexes can reduce CO2 to formates,
45-46 acrylates,47-
49 and CO.50  Beller used a (PNP)Mo0 catalyst for the hydrogenation of olefins, ketones, and 
amides.51-52  Group 6 pincer complexes can also cleave N2 to produce nitrido complexes.
53-55  
Nishibayashi and Tuczek demonstrated that some pincer complexes of Ti, Zr, V, and Mo, can 
catalyze the conversion of N2 to NH3 in the presence of a proton source and a reductant.
56-77 
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Pincer ligands vary widely in their structures.  Surprisingly, PCP pincer complexes of early 
transition metals are uncommon: nine PCP ligands have been reported for group 6 complexes 
(Figure 4.1).41, 53, 72-73, 78-82 but to date there are no reports of group 4 or 5 transition metals bearing 
PCP ligands.  We now describe the preparation and characterization of several PCP complexes of 
Ti and Cr with the ligand 2,6-bis(di-tert-butylphosphinomethyl)phenyl, (tBuPCP). 
 
 
Figure 4.1: The complete list of PCP ligands used with group 6 transition metals. 
 
Results and Discussion 
We chose for this study the PCP pincer ligand 2,6-bis(di-tert-butylphosphinomethyl)-
phenyllithium, Li(tBuPCP), which can be prepared by adding nBuLi to a pentane solution of 
(tBuPCP)Br under an inert atmosphere.  The lithium salt precipitates out of solution and can be 
isolated by filtration.  Although Li(MePCP), the methyl analog, is soluble in aromatic solvents,83 
Li(tBuPCP) is not; the white powder is pyrophoric and produces a red flame when burned. 
Preparation of New PCP Compounds of Titanium.  We find that the reaction of 
TiCl3(THF)3 with Li(
tBuPCP) in pentane produces a deep blue solution.  After filtration to remove 
insoluble byproducts, the pentane solution is concentrated to saturation under vacuum at room 
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temperature and then cooled to -20 °C to afford deep blue crystals of the titanium(III) complex 
(tBuPCP)TiCl2. 
(tBuPCP)TiCl2 crystallizes in the 𝑃1̅ space group with six molecules in the asymmetric unit.  
The following discussion will describe the average structure of the six molecules.  The Ti atom in 
(tBuPCP)TiCl2 adopts a distorted square pyramidal geometry in which a chlorine atom is in the 
axial site (Figure 4.3).  The trigonality index,84 τ, of the square pyramid is 0.29 (a τ of 0 describes 
a perfect square pyramid whereas a τ of 1 describes a perfect trigonal bipyramid).  The square 
pyramidal geometry causes the two C-Ti-Cl angles to be distinctly different: 121.96(2)° for the Cl 
atom in the axial site and 132.42(2)° for the Cl atom in an equatorial site.  The aryl ring is rotated 
21.36(4)° from the P-Ti-P plane (Figure 4.4). 
The two Ti-Cl distances are nearly identical, 2.3081(2) Å for Clax and 2.3220(2) Å for Cleq; 
these Ti-Cl distances are longer than those of 2.2762(9) and 2.2997(9) Å reported for the 5-
coordinate TiIII pincer complex (tBuPNP)TiCl2, where 
tBuPNP is 2,5-bis(di-tert-
butylphosphinomethyl)pyrrolide, but shorter than those of 2.380(1) and 2.498(2) Å in a 6-
coordinate TiIII pincer complex (NCN)TiCl3, where NCN is sym-bis(2-
pyridyl)tetraphenylcarbodiphosphorane. 
The Ti-P bond distances in (tBuPCP)TiCl2 of 2.6015(2) and 2.6153(2) Å fall between the 
values of 2.6000(9) and 2.6462(9) Å reported for the (tBuPNP)TiCl2 complex.  The P-Ti-P angle in 
(tBuPCP)TiCl2 is 149.565(8)°, which is similar to the 149.68(3)° angle observed for the 
(tBuPNP)TiCl2 complex.  The Ti-C bond distance in (
tBuPCP)TiCl2 is 2.2042(7) Å, which is 
consistent with other TiIII-aryl bond distances, such as those of 2.193(3) Å and 2.262(8) Å in 
Cp2Ti(κ2-C6H4-2-CH2OMe)85 and [Ti(C6F5)5]2-,86 respectively. 
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Treating (tBuPCP)TiCl2 with LiBH4 in Et2O affords a purple mixture.  Filtering and 
crystallizing in the manner described before yields purple crystals of the new titanium(III) 
borohydride complex (tBuPCP)Ti(BH4)2. 
The borohydride compound (tBuPCP)Ti(BH4)2 crystallizes in the P21/n space group with 
three molecules in the asymmetric unit.  The following discussion will describe the average 
structure of the three independent molecules.  As seen for (tBuPCP)TiCl2, the Ti center in 
(tBuPCP)Ti(BH4)2 also adopts a distorted square pyramidal geometry (counting each BH4 group as 
occupying one coordination site), with a trigonality index of τ = 0.37 (Figure 4.11).  The aryl ring 
is rotated 25.07(4)° with respect to the P-Ti-P plane (Figure 4.12). 
One BH4
- ligand is tridentate (κ3) and the other is bidentate (κ2).  These coordination modes 
are expected from an analysis of the valence electrons.  TiIII is a d1 species, and therefore has 8 
valence orbitals available for bonding.87-89  Of these, 3 orbitals are used to form sigma bonds to 
the PCP ligand, leaving 5 to form bonds with the borohydride ligands.  Therefore, we expect one 
of the borohydride ligands to coordinate in a κ3 manner and the other in a κ2 manner. 
The κ2-BH4 group occupies the axial site of the square pyramid, with a Ti-B distance of 
2.3889(13) Å.  This distance is consistent with the Ti-B distances found for other complexes in 
which κ2-BH4 groups are coordinated to TiIII, which range from 2.37(1) Å for Cp2Ti(κ2-BH4)90 and 
2.458(2) Å for Cp*Ti(κ2-9-BBN)2(THF).91  The κ3-BH4 has a shorter Ti-B distance of 2.2247(12) 
Å that is slightly longer than the 2.220(9) Å TiIII-B distance reported for [Cp*TiCl(κ3-BH4)]2.92  
The C-Ti-B angles are 122.30(4)° to the κ3-BH4 group and 118.69(4)° to the κ2-BH4 group. 
The Ti-P bond distances, 2.6284(3) and 2.6712(3) Å, are elongated compared to those seen 
in (tBuPCP)TiCl2, but the P-Ti-P angle of 147.45(1)° and the Ti-C bond distance of 2.2002(9) Å, 
are similar to those in (tBuPCP)TiCl2. 
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Preparation of New PCP Compounds of Chromium.  Kirchner prepared (PCP)Cr 
complexes by oxidative addition of haloaryl bonds to Cr(CO)6.
41, 81  Because of the availability of 
Li(tBuPCP), we investigated use of salt elimination reactions to synthesize new chromium PCP 
compounds.  We find that the reaction of CrCl3(THF)3 with Li(
tBuPCP) in Et2O produces a dark 
orange reaction solution.  When this solution is taken to dryness under vacuum, the resulting solid 
consists of a mixture of blue (tBuPCP)CrCl2(THF) and orange (
tBuPCP)CrCl2.  The residue can be 
redissolved in THF to afford a blue solution.  Concentration to saturation at room temperature and 
then cooling to -20 °C affords blue crystals of the six-coordinate complex (tBuPCP)CrCl2(THF).  If 
desired, the coordinated THF molecule can be removed, either by heating under vacuum at 
elevated temperature (80 °C) or by trituration with pentane, to afford (tBuPCP)CrCl2 as a bright 
orange powder.  Attempts to crystallize unsolvated (tBuPCP)CrCl2 have so far been unsuccessful 
and resulted in powders.  As for the Ti analog, this reaction can be scaled up to produce gram 
quantities of (tBuPCP)CrCl2. 
(tBuPCP)CrCl2(THF) crystallizes in the 𝑃1̅ space group with one molecule in the 
asymmetric unit (Figure 4.7).  The compound adopts an octahedral geometry about the Cr atom, 
with the coordinated THF trans to the carbon atom of the PCP ligand.  The aryl backbone is rotated 
23.92(3)° relative to the P-Cr-P plane (Figure 4.8).  The Cr-Cl bond distances (2.3237(7) Å) and 
P-Cr-P angle (158.51(2)°) are similar to those in the octahedral CrIII pincer complex 
(PNCNP)CrCl2(NCCH3), where PNCNP is the tridentate ligand 2,6-bis[(diisopropylphosphino)-
ethylamino]phenyl (Cr-Cl: 2.3211(4) Å and P-Cr-P: 160.73(1)°).81  The Cr-O bond distance, 
2.1299(14) Å, for the coordinated THF ligand in (tBuPCP)CrCl2(THF) is similar to the Cr-N bond 
distance, 2.131(1) Å for the coordinated CH3CN ligand in (PNCNP)CrCl2(NCCH3).  However, the 
Cr-C bond distance (2.0468(18) Å) in (tBuPCP)CrCl2(THF) is slightly shorter and the Cr-P bond 
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distances (2.5740(7) and 2.5815(7) Å) are significantly longer than those of 
(PNCNP)CrCl2(NCCH3) (Cr-C: 2.052(1) Å, Cr-P: 2.4506(4) and 2.4582(4) Å). 
The reduction (tBuPCP)CrCl2 with KC8 in Et2O results in a purple mixture.  Filtration 
followed by concentrating the solution to saturation under vacuum at room temperature and then 
cooling to 20 °C affords purple crystals of the chromium(II) complex (tBuPCP)CrCl. 
(tBuPCP)CrCl crystallizes in the P21/n space group with one molecule in the asymmetric 
unit.  The Cr center adopts a square planar geometry (Figure 4.9), as is often seen for other high-
spin chromium(II) complexes.  Unlike the titanium PCP compounds discussed above, the aryl 
backbone is coplanar with the P-Cr-P plane.  However, the Cr-C bond is bent 7.1(1)° out of the 
aryl plane (Figure 4.10).  The solid state structures of Kirchner’s (POCOP)CrII compounds, where 
POCOP is 2,6-bis[(di-tert-butylphosphino)oxy]phenyl, do not have this feature; the Cr atom lies 
in the plane described by the aryl ring.41  Otherwise, the coordination environment about the Cr 
atom in (tBuPCP)CrCl is similar to those in the (POCOP)CrII complexes. 
The bond distances in (tBuPCP)CrCl between the Cr and its surrounding atoms (Cr-Cl: 
2.3053(9) Å, Cr-P: 2.4436(9) and 2.4522(9) Å) are shorter than those in (tBuPCP)CrCl2(THF), with 
the exception of the Cr-C bond (2.0897(26) Å), which is slightly elongated.  Normally, a decrease 
in oxidation state should result in elongation of bond distances.  However, the change in 
coordination number counteracts the effect due to the change in oxidation state. 
Attempted Dinitrogen Chemistry.  The reduction of (tBuPCP)CrCl2 with KC8 in Et2O 
affords (tBuPCP)CrCl whether or not N2 is used as the inert atmosphere.  In an effort to prepare a 
dinitrogen complex of titanium, (tBuPCP)TiCl2 was stirred in THF with 1 equiv of KC8 under an 
N2 atmosphere.  The 
31P{1H} NMR spectrum of the resulting brown mixture showed that free 
H(tBuPCP) was generated, along with a compound that exhibits an AB quartet with δA 52.1, δB 
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51.6, and JAB 32 Hz.  The use of 3 equiv of KC8 resulted in the formation of H(
tBuPCP) as well as 
three compounds that gave AB quartets in the 31P NMR spectrum (δA 54.9, δB 54.4, JAB 31 Hz; δA 
52.3, δB 51.1, JAB 29 Hz; and δA 51.6, δB 51.1, JAB 33 Hz).  These diamagnetic compounds were 
not present when Et2O or pentane were used as the solvent; it is possible the KC8 decomposed 
some THF and produced reactive species that are responsible for the compounds exhibiting the 
AB quartets.93  In all reactions, removal of the solvent, extraction with pentane, and then drying 
under vacuum resulted in brown oils.  Attempts to crystallize any of the components of these oils 
were unsuccessful.  Recently, Nishibayashi reported that a (PNP)TiIIICl2 compound also produced 
an intractable mixture of compounds when reduced with KC8 under an atmosphere of N2, but 
introduction of a Cp- ligand afforded an isolable dinitrogen complex.69  It is believed that the Cp- 
ligand discourages side-on binding of the N2 ligand, which could lead to the production of the 
intractable products.  The effect of Cp- on the coordination mode of N2 was demonstrated by 
Fryzuk et al. in a (PNP)Zr system.(Figure 4.2).94 
 
Figure 4.2: The N2 in [(PNP)ZrCl]2(N2) bridges the Zr centers in a side-on fashion.  Replacing 
the Cl- with Cp- changes the N2 binding mode from side-on to end-on.
94 
 
Attempts to synthesize PCP complexes of V and Nb analogs from VCl3(THF)3 and 
NbCl3(DME) were unsuccessful.  Mindiola also experienced difficulties in isolating a 
(PNP)NbIIICl2 complex but was able to infer its existence through the subsequent formation of a 
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dinitrogen complex.56  We were unable to isolate any dinitrogen compounds of V or Nb when 
performing these reactions under an atmosphere of N2. 
Other Unsuccessful Reactions.  Adding an excess of MeLi to a THF solution of 
(tBuPCP)TiCl2, followed by drying under vacuum and extraction with pentane, affords a dark green 
oily solid that could not be crystallized.  Its 1H NMR spectrum in C6D6 showed the presence of 
two major components: free H(tBuPCP) along with a paramagnetic compound that has a different 
NMR spectrum from (tBuPCP)TiCl2.  The reaction between (
tBuPCP)CrCl2 and MeLi in ethereal 
solvents produces a green mixture.  As with the Ti analog, pure materials could not be isolated 
from this reaction. 
Unlike (tBuPCP)TiCl2, (
tBuPCP)CrCl2 does not undergo simple salt elimination with LiBH4.  
Treatment of (tBuPCP)CrCl2 with LiBH4 in Et2O results in a maroon mixture and evolution of gas.  
Colorless crystals of H(tBuPCP)·BH3 can be grown from the solution.  The change in color suggests 
that BH4
- reduces CrIII and generates BH3.  The resulting Cr complex evidently decomposes and 
liberates free H(tBuPCP), which associates with BH3 in solution. 
One of the major challenges in this project is the separation and characterization of reaction 
products: the tBuPCP complexes are very soluble in hydrocarbon and ethereal solvents, and are 
difficult to crystallize.  We attempted to replace the tBu substituents on the PCP ligand with 
adamantyl substituents to lower the solubility of the pincer complexes.  However, we were unable 
to prepare Li(AdPCP) by lithium-halogen exchange from (AdPCP)Br. 
 
Conclusions 
PCP pincer complexes of early transition metals are an understudied class of compounds.  
We report the preparation of (tBuPCP)TiCl2 and (
tBuPCP)CrCl2, where 
tBuPCP is 2,6-bis(di-tert-
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butylphosphinomethyl)phenyl.  (tBuPCP)TiCl2 adopts a distorted square pyramidal structure in 
which a Cl atom occupies the axial site.  The compound undergoes salt metathesis with LiBH4 to 
afford (tBuPCP)Ti(BH4)2.  The Ti center in this borohydride complex also adopts a distorted square 
pyramidal structure.  One of the borohydride ligands coordinates in a κ3 manner and the other in a 
κ2 manner; the κ2-BH4 group occupies the axial site of the square pyramid.  We have also prepared 
the CrIII complex (tBuPCP)CrCl2(THF), in which the Cr atom adopts an octahedral geometry as 
expected for this d3 ion.  The compound (tBuPCP)CrCl2 can be reduced to (
tBuPCP)CrCl, in which 
the high-spin d4 CrII atom exhibits a square planar geometry.  Attempts to reduce these compounds 
in the presence of dinitrogen or to methylate the complexes have so far resulted in intractable 
mixtures. 
 
Experimental Details 
Unless otherwise stated, all operations were conducted under argon using standard Schlenk 
line and glovebox techniques.  Pentane, diethyl ether, and THF were dried over sodium-
benzophenone ketyl and distilled immediately before use.  1.6 M nBuLi in hexanes and was 
purchased from Sigma-Aldrich and titrated before use using a literature procedure.95  KC8,
96 
TiCl3(THF)3,
97 and CrCl3(THF)3
98
 were prepared according to the literature.  LiBH4 was used as 
purchased from Strem Chemicals.  (tBuPCP)Br and (AdPCP)Br were prepared as described in 
Chapter 3. 
Elemental analyses were performed by the School of Chemical Sciences Microanalysis 
Laboratory at the University of Illinois at Urbana-Champaign.  NMR spectra were acquired on a 
Varian 500 MHz spectrometer at room temperature.  1H NMR spectra are reported in δ units 
(positive chemical shifts to higher frequency) relative to TMS as determined from residual solvent 
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signals.99  NMR spectra were processed with the MestReNova NMR software package.  FTIR 
spectra were acquired on a Thermo Nicolet IR200 spectrometer as mineral oil solutions between 
KBr plates.  IR spectra were processed using the OMNIC® software package.  X-ray 
crystallographic data were collected by the George L. Clark X-Ray Facility and 3M Materials 
Laboratory. 
2,6-Bis[(di-tert-butylphosphino)methyl]phenyllithium, Li(tBuPCP).  This compound 
was synthesized by modifying a literature procedure.83  Pentane (20 mL) was added to (tBuPCP)Br 
(0.986 g, 2.08 mmol) and the mixture was stirred, affording a slightly yellow solution.  The 
solution was cooled to -78 °C and a 1.6 M solution of nBuLi in hexanes (1.60 mL, 2.56 mmol) was 
added by gas-tight syringe.  The mixture was stirred overnight, affording a cloudy dark-orange 
mixture.  The mixture was filtered and the white powder was washed with pentane (3x20 mL).  
The powder was dried under vacuum.  Yield: 0.82 g (96%). 
2,6-Bis[(di-tert-butylphosphinomethyl)phenyl]dichlorotitanium(III), (tBuPCP)TiCl2.  
To a mixture of TiCl3(THF)3 (1.110 g, 2.97 mmol) and Li(
tBuPCP) (1.026 g, 2.78 mmol) was added 
pentane (200 mL).  The mixture was stirred overnight, affording a dark blue mixture.  The mixture 
was filtered and the precipitate was washed with pentane (50 mL).  The filtrate and wash were 
combined, concentrated to saturation under vacuum at room temperature, and then cooled to -20 
°C to afford deep blue crystals of the product.  The mother liquor was removed and the crystals 
dried under vacuum.  Yield: 0.95 g (67%).  Anal. Calc. for C24H43Cl2P2Ti: C, 56.3; H, 8.46.  Found: 
C, 55.3; H, 8.42.  1H NMR (C6D6, 25 °C): δ 23.9 (br s, fwhm = 290 Hz, 4 H, CH2), δ 9.03 (br s, 
fwhm = 23 Hz, 1 H, Ar-H), δ 2.31 (br s, fwhm = 110 Hz, 36 H, CH3), δ -1.26 (br s, fwhm = 60 Hz, 
2 H, Ar-H).  No 31P NMR resonances were observed. 
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2,6-Bis[(di-tert-butylphosphinomethyl)phenyl]bis(borohydride)titanium(III), 
(tBuPCP)Ti(BH4)2.  To a mixture of (tBuPCP)TiCl2 (0.099 g, 0.19 mmol) and LiBH4 (0.010 g, 0.44 
mmol) was added Et2O (20 mL).  The mixture was stirred overnight, affording a purple mixture.  
The mixture was filtered and the white solids were washed with Et2O (10 mL).  The filtrate and 
wash were combined, concentrated to saturation under vacuum at room temperature, and then 
cooled to -20 °C to afford purple crystals. 
2,6-Bis[(di-tert-butylphosphinomethyl)phenyl]dichloro(tetrahydrofuran)-
chromium(III), (tBuPCP)CrCl2(THF).  To a mixture of CrCl3(THF)3 (0.105 g, 0.278 mmol) and 
Li(tBuPCP) (0.111 g, 0.301) was added Et2O (20 mL).  The mixture was stirred, affording a dark 
orange mixture after several minutes.  The mixture was stirred overnight and then filtered.  The 
white precipitate was washed with Et2O (10 mL).  The filtrate and wash were combined and dried 
under vacuum.  The orange and blue residue was redissolved in THF, concentrated to saturation 
at room temperature under vacuum, and then cooled to -20 °C to afford blue crystals of the product.  
The mother liquor was removed and the crystals were dried under vacuum.  Yield: 0.0995 g (61%).  
Anal. Calc. for C28H51Cl2CrOP2: C, 57.1; H, 8.73.  Found: C, 55.5; H, 8.61.  IR (cm
-1): 1551 (w), 
1236 (w), 1172 (m), 1117 (w), 1087 (w), 1021 (m), 958 (w), 935 (w), 920 (w), 867 (m), 834 (m), 
820 (m), 809 (m), 774 (m), 743 (m), 704 (w), 673 (w), 600 (w), 578 (w), 480 (w). 
2,6-Bis[(di-tert-butylphosphinomethyl)phenyl]dichlorochromium(III), 
(tBuPCP)CrCl2.  Method A: (tBuPCP)CrCl2(THF) was heated to 80 °C overnight under vacuum to 
afford the desolvated product as a bright orange powder.  Method B: (tBuPCP)CrCl2(THF) was 
repeatedly dissolved in pentane and then dried under vacuum until the residue was bright orange.  
Anal. Calc. for C24H43Cl2CrP2: C, 55.8; H, 8.39.  Found: C, 54.9; H, 8.37.  IR (cm
-1): 3033 (w), 
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1931 (w), 1863 (w), 1796 (w), 1549 (m), 1236 (m), 1179 (s), 1135 (w), 1087 (w), 1022 (m), 968 
(w), 9.9 (m), 833 (s), 812 (m), 787 (m), 694 (m), 610 (m), 567 (w), 479 (m), 442 (w). 
2,6-Bis[(di-tert-butylphosphinomethyl)phenyl]chlorochromium(II), (tBuPCP)CrCl.  
To a mixture of (tBuPCP)CrCl2 (0.101 g, 0.196 mmol) and KC8 (0.242 g, 1.79 mmol) was added 
Et2O (20 mL).  The mixture was stirred for 4 h.  The dark purple mixture was filtered and the dark 
solids were washed with Et2O (10 mL).  The filtrate and wash were combined, concentrated to 
saturation at room temperature under vacuum, and then cooled to -20 °C to afford purple crystals. 
Crystallographic details.100  The following details were common to all of the crystal 
structure determinations; for details about individual compounds, see the SI.  Crystals mounted on 
Nylon fibers with Paratone® oil were transferred onto the diffractometer and kept at -100 °C for 
(tBuPCP)CrCl2(THF) and (
tBuPCP)CrCl, and -173 °C for the other compounds, in a cold nitrogen 
gas stream.  For (tBuPCP)CrCl2(THF) and (
tBuPCP)CrCl, intensity data were collected on a Bruker 
Kappa/ApexII CCD diffractometer equipped with a CCD area detector.  A Siemens fine-focus 
source provided the Mo Kα radiation (λ = 0.71073 Å) that was monochromated with graphite.  For 
(tBuPCP)TiCl2 and (
tBuPCP)Ti(BH4)2, intensity data were collected on a Bruker D8 Venture kappa 
diffractometer equipped with a Photon 100 CMOS detector.  An Iµs microfocus source provided 
the Mo Kα radiation that was monochromated with multilayer mirrors.  Standard peak search and 
indexing procedures gave rough cell dimensions.  The collection, cell refinement and integration 
of intensity data were carried out with the APEX3 software (Bruker).  The measured intensities 
were reduced to structure factor amplitudes and their estimated standard deviations by correction 
for background, scan speed, and Lorentz and polarization effects.  No corrections for crystal decay 
were necessary.  Systematically absent reflections were deleted and symmetry equivalent 
reflections were averaged to yield the set of unique data. 
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The initial models were obtained by direct methods (SHELXS).101  The remaining non-
hydrogen atoms were located from difference maps obtained from full-matrix least-squares 
refinements (SHELXL).101  In the final cycle of least squares, independent anisotropic 
displacement factors were refined for the non-hydrogen atoms, with isotropic restraints applied to 
the minor site carbon atoms.  Hydrogen atoms were placed in idealized positions, except those for 
the BH4 ligands which were located from the difference map; the methyl groups were allowed to 
rotate about the C-X axis to find the best least-squares positions.  The displacement parameters for 
methylene hydrogens were set equal to 1.2 times Ueq for the attached carbon; those for methyl 
hydrogens were set to 1.5 times Ueq.  Successful convergence was indicated by the maximum 
shift/error of 0.001 for the last cycle.  No correction for decay was necessary, but absorption 
corrections were conducted by face-indexed or multi-scan methods (SADABS).102  Data collection 
and final refinement parameters are given in Tables 4.1 and 4.2.  A final analysis of variance 
between observed and calculated structure factors showed no apparent errors.  Solutions were 
checked with PLATON for missed crystallographic symmetry. 
(tBuPCP)TiCl2.  Single crystals of (tBuPCP)TiCl2 were grown by cooling a saturated 
pentane solution.  The triclinic lattice and the average values of the normalized structure factors 
suggested the space group P1¯, which was confirmed by the success of the subsequent refinement.  
A face-indexed absorption correction was applied, the minimum and maximum transmission 
factors being 0.90 and 0.97.  Three reflections (013, 103, and 110) were obscured by the beamstop 
and were deleted; the remaining 34088 unique data were used in the least squares refinement.  
There were six molecules in the asymmetric unit, one of which was disordered.  The disorder was 
modeled as a twisting of the pincer ligand.  The occupancies of the two components were 
constrained to add to 1; the site occupancy factor for the major component refined to 0.802(5).  
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The aromatic ring of the minor component was restrained to be flat and have C-C bond distances 
of 1.45 Å.  The isotropic displacement parameters for the C atoms of the aromatic ring of the minor 
component were assigned a common value.  Analogous C-P bond distances between the major and 
minor disorder components were restrained to be within a standard uncertainty of 0.01 Å of each 
other.  The C-C bond distances of the tBu groups in both components were restrained to be 1.54(1) 
Å.  The quantity minimized by the least-squares program was Σw(Fo2 - Fc2)2, where w = {[σ(Fo2)]2 
+ (0.0288P)2 + 5.8681P}-1 and P = (Fo
2 + 2Fc
2)/3.  No correction for isotropic extinction was 
necessary.  The largest peak in the final Fourier difference map (0.59 eÅ-3) was located 0.76 Å 
from Cl3. 
(tBuPCP)CrCl2(THF).  Single crystals of (tBuPCP)CrCl2(THF) were grown by cooling a 
saturated THF solution.  The triclinic lattice and the average values of the normalized structure 
factors suggested the space group P1¯, which was confirmed by the success of the subsequent 
refinement.  A face-indexed absorption correction was applied, the minimum and maximum 
transmission factors being 0.84 and 0.96.  The quantity minimized by the least-squares program 
was Σw(Fo2 - Fc2)2, where w = {[σ(Fo2)]2 + (0.0335P)2 + 0.6478P}-1 and P = (Fo2 + 2Fc2)/3.  An 
isotropic extinction parameter was refined to a final value of x = 1.4(5) × 10-6 where Fc is multiplied 
by the factor k[1 + Fc
2xλ3/sin2θ]-1/4 with k being the overall scale factor.  The largest peak in the 
final Fourier difference map (0.37 eÅ-3) was located 0.88 Å from C7. 
(tBuPCP)CrCl.  Single crystals of (tBuPCP)CrCl were grown by cooling a saturated Et2O 
solution.  Systematic absences for 0k0 (k ≠ 2n) and h0l (h + l ≠ 2n) were uniquely consistent with 
the space group P21/n.  A face-indexed absorption correction was applied, the minimum and 
maximum transmission factors being 0.68 and 0.89.  The quantity minimized by the least-squares 
program was Σw(Fo2 - Fc2)2, where w = {[σ(Fo2)]2 + (0.0612P)2 + 0.5702P}-1 and P = (Fo2 + 
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2Fc
2)/3.  An isotropic extinction parameter was refined to a final value of x = 8(1) × 10-6 where Fc 
is multiplied by the factor k[1 + Fc
2xλ3/sin2θ]-1/4 with k being the overall scale factor.  The largest 
peak in the final Fourier difference map (0.51 eÅ-3) was located 0.84 Å from Cl1. 
(tBuPCP)Ti(BH4)2.  Single crystals of (tBuPCP)Ti(BH4)2 were grown by cooling a saturated 
Et2O solution.  Systematic absences for 0k0 (k ≠ 2n) and h0l (h + l ≠ 2n) were uniquely consistent 
with the space group P21/n.  A face-indexed absorption correction was applied, the minimum and 
maximum transmission factors being 0.90 and 0.96.  There are three molecules in the asymmetric 
unit.  One of the tBu substituents was disordered; the disorder was modeled as a slight bending and 
rotation of the tBu substituent.  The occupancies of the two components were constrained to add 
to 1; the site occupancy factor for the major component refined to 0.608(4).  The C-C bond 
distances of the disordered tBu substituent were restrained to 1.54(1) Å.  The P-C bond distances 
of the disordered tBu substituent were restrained to be equal within 0.01 Å.  The quantity 
minimized by the least-squares program was Σw(Fo2 - Fc2)2, where w = {[σ(Fo2)]2 + (0.0305P)2 + 
5.5511P}-1 and P = (Fo
2 + 2Fc
2)/3.  No correction for isotropic extinction was necessary.  The 
largest peak in the final Fourier difference map (0.42 eÅ-3) was located 0.85 Å from C56. 
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Table 4.1: Crystallographic data for (tBuPCP)TiCl2 and (
tBuPCP)CrCl2(THF) 
Formula C24H43Cl2P2Ti C28H51Cl2CrOP2 
Formula weight 512.32 588.53 
T (K) 100(2) 173(2) 
λ (Å) 0.71073 0.71073 
Crystal system, space group Triclinic, 𝑃1̅ Triclinic, 𝑃1̅ 
a (Å) 12.7091(8) 11.2426(16) 
b (Å) 16.2401(10) 11.6609(16) 
c (Å) 40.913(3) 13.674(2) 
α (°) 99.624(2) 105.158(7) 
β (°) 92.822(2) 103.216(8) 
γ (°) 91.951(2) 109.632(7) 
V (Å3) 8307.8(9) 1527.8(4) 
Z, ρcalc (g/cm3) 12, 1.229 2, 1.279 
μ (mm-1), F(000) 0.63, 3276.0 0.67, 630 
Crystal size (mm) 0.050×0.163×0.249 0.146×0.249×0.291 
θ range (°) 2.30 – 26.44 1.65 – 28.53 
R(int) 0.0450 0.0592 
Absorption correction Face-indexed Face-indexed 
Max., min. transmission factors 0.97, 0.90 0.96, 0.84 
Data/restraints/parameters 34088/22/1698 7675/0/320 
GOF on F2 1.041 1.027 
R1 [I > 2σ(I)] 0.0322 0.0356 
wR2 (all data) 0.0743 0.0896 
max., min. Δρelect (eÅ-3) 0.59, -0.31 0.37, -0.42 
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Table 4.2: Crystallographic data for (tBuPCP)CrCl and (tBuPCP)Ti(BH4)2 
Formula C24H43ClCrP2 C24H51B2P2Ti 
Formula weight 480.97 471.11 
T (K) 173(2) 100(2) 
λ (Å) 0.71073 0.71073 
Crystal system Monoclinic Monoclinic 
Space group 𝑃21/𝑛 𝑃21/𝑛 
a (Å) 7.6672(13) 12.9305(8) 
b (Å) 24.427(4) 16.1553(10) 
c (Å) 13.844(2) 40.650(2) 
β (°) 94.688(7) 92.909(2) 
V (Å3) 2584.4(8) 8480.6(9) 
Z, ρcalc (g/cm3) 4, 1.236 12, 1.107 
μ (mm-1) 0.68 0.425 
F(000) 1032 3084 
Crystal size (mm) 0.095×0.153×0.340 0.182×0.200×0.437 
θ range (°) 1.67 – 25.67 2.22 – 27.22 
R(int) 0.1198 0.0612 
Absorption correction Face-indexed Face-indexed 
Max., min. transmission factors 0.89, 0.68 0.96, 0.90 
Data/restraints/parameters 4861/0/266 18882/7/956 
GOF on F2 1.051 1.030 
R1 [I > 2σ(I)] 0.0488 0.0362 
wR2 (all data) 0.1336 0.0821 
max., min. Δρelect (eÅ-3) 0.51, -0.44 0.42, -0.42 
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Table 4.3: Selected distances and angles for a representative molecule of (tBuPCP)TiCl2 
Distances (Å) 
Ti1-Cl1 2.3015(6) P1-C13 1.8917(19) C2-C7 1.5117(25) 
Ti1-Cl2 2.3358(5) P2-C8 1.8359(18) C3-C4 1.3808(26) 
Ti1-P1 2.6008(6) P2-C17 1.8910(19) C4-C5 1.3800(26) 
Ti1-P2 2.6443(6) P2-C21 1.8851(18) C5-C6 1.3971(25) 
Ti1-C1 2.2083(17) C1-C2 1.4205(24) C6-C8 1.5138(24) 
P1-C7 1.8300(18) C1-C6 1.4109(25)   
P1-C9 1.8790(18) C2-C3 1.3903(25)   
Angles (°) 
Cl1-Ti1-Cl2 102.92(2) Ti1-P1-C13 113.38(6) C2-C1-C6 115.42(16) 
Cl1-Ti1-P1 100.18(2) C7-P1-C9 105.00(8) C1-C2-C3 122.10(16) 
Cl1-Ti1-P2 99.57(2) C7-P1-C13 105.68(9) C1-C2-C7 119.68(15) 
Cl1-Ti1-C1 120.83(5) C9-P1-C13 111.42(9) C3-C2-C7 118.22(16) 
Cl2-Ti1-P1 93.68(2) Ti1-P2-C8 99.92(6) C2-C3-C4 120.43(17) 
Cl2-Ti1-P2 101.73(2) Ti1-P2-C17 115.69(6) C3-C4-C5 119.56(17) 
Cl2-Ti1-C1 136.06(5) Ti1-P2-C21 118.08(6) C4-C5-C6 120.33(17) 
P1-Ti1-P2 151.47(2) C8-P2-C17 103.81(9) C1-C6-C5 122.13(16) 
P1-Ti1-C1 75.83(5) C8-P2-C21 103.92(9) C1-C6-C8 121.81(16) 
P2-Ti1-C1 76.42(5) C17-P2-C21 112.53(8) C5-C6-C8 116.03(16) 
Ti1-P1-C7 97.28(6) Ti1-C1-C2 121.11(12) P1-C7-C2 107.77(12) 
Ti1-P1-C9 121.36(6) Ti1-C1-C6 123.36(12) P2-C8-C6 111.94(13) 
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Figure 4.3: Molecular structure of one molecule in the asymmetric unit cell of (tBuPCP)TiCl2.  
Ellipsoids are drawn at the 35% probability level; hydrogen atoms are omitted for 
clarity. 
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Figure 4.4: An alternative view of (tBuPCP)TiCl2 down the Ti1-C1 axis.  The aryl plane is 
rotated out of the P1-Ti1-P1 plane by 21.36(4)°. 
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Figure 4.5: An alternative view of (tBuPCP)TiCl2 down the P1-P2 axis.  Cl2 is more trans- to 
the aryl ring (has a larger C-Ti-Cl bond angle) and has a larger Ti-Cl bond length 
than Cl1. 
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Figure 4.6: The two components of the disorder model for (tBuPCP)TiCl2.  The major 
component (solid bonds) and the minor component (hollow bonds) are related by a 
11.0(4)° rotation about a C-C bond of the aryl ring. 
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Table 4.4: Selected distances and angles for (tBuPCP)CrCl2(THF) 
Distances (Å) 
Cr1-Cl1 2.3237(7) P1-C9 1.8972(20) C2-C3 1.3921(26) 
Cr1-Cl2 2.3237(7) P1-C13 1.8935(19) C2-C7 1.5197(26) 
Cr1-P1 2.5740(7) P2-C8 1.8376(19) C3-C4 1.3857(28) 
Cr1-P2 2.5815(7) P2-C17 1.8984(21) C4-C5 1.3851(28) 
Cr1-C1 2.0468(18) P2-C21 1.9082(20) C5-C6 1.3920(29) 
Cr1-O1 2.1299(14) C1-C2 1.4029(25) C6-C8 1.5199(26) 
P1-C7 1.8395(19) C1-C6 1.3995(26)   
Angles (°) 
Cl1-Cr1-Cl2 176.77(2) P2-Cr1-O1 100.24(4) C17-P2-C21 108.67(9) 
Cl1-Cr1-P1 89.37(2) C1-Cr1-O1 178.73(6) C2-C1-C6 118.22(17) 
Cl1-Cr1-P2 91.55(2) Cr1-P1-C7 92.86(6) C1-C2-C3 120.81(17) 
Cl1-Cr1-C1 90.91(5) Cr1-P1-C9 122.52(7) C1-C2-C7 119.65(16) 
Cl1-Cr1-O1 87.85(4) Cr1-P1-C13 119.70(6) C3-C2-C7 119.52(16) 
Cl2-Cr1-P1 91.28(2) C7-P1-C9 105.30(9) C2-C3-C4 120.06(18) 
Cl2-Cr1-P2 89.00(2) C7-P1-C13 103.67(9) C3-C4-C5 119.92(18) 
Cl2-Cr1-C1 92.32(5) C9-P1-C13 108.24(9) C4-C5-C6 120.26(18) 
Cl2-Cr1-O1 88.93(4) Cr1-P2-C8 92.14(6) C1-C6-C5 120.71(17) 
P1-Cr1-P2 158.51(2) Cr1-P2-C17 119.49(7) C1-C6-C8 119.43(17) 
P1-Cr1-C1 79.00(5) Cr1-P2-C21 122.95(7) C5-C6-C8 119.83(17) 
P1-Cr1-O1 101.25(4) C8-P2-C17 103.66(9)   
P2-Cr1-C1 79.52(5) C8-P2-C21 104.95(9)   
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Figure 4.7: Molecular structure of (tBuPCP)CrCl2(THF).  Ellipsoids are drawn at the 35% 
probability level; hydrogen atoms are omitted for clarity. 
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Figure 4.8: An alternative view of (tBuPCP)CrCl2(THF) down the O1-Cr1-C1 axis.  The aryl 
ring is rotated out of the P1-Cr1-P2 plane by 23.92(3)°. 
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Table 4.5: Selected distances and angles for (tBuPCP)CrCl 
Distances (Å) 
Cr1-Cl1 2.3053(9) P1-C13 1.8696(9) C2-C3 1.3933(38) 
Cr1-P1 2.4436(9) P2-C8 1.8212(27) C2-C7 1.5095(40) 
Cr1-P2 2.4522(9) P2-C17 1.8591(30) C3-C4 1.3736(45) 
Cr1-C1 2.0897(26) P2-C21 1.8654(29) C4-C5 1.3692(48) 
P1-C7 1.8286(29) C1-C2 1.4011(40) C5-C6 1.3868(37) 
P1-C9 1.8647(31) C1-C6 1.4107(38) C6-C8 1.4985(41) 
Angles (°) 
Cl1-Cr1-P1 97.93(3) C8-P2-C17 104.71(13) 
Cl1-Cr1-P2 99.68(3) C8-P2-C21 104.69(14) 
Cl1-Cr1-C1 177.21(8) C17-P2-C21 112.98(14) 
P1-Cr1-P2 159.62(3) Cr1-C1-C2 122.39(21) 
P1-Cr1-C1 80.87(8) Cr1-C1-C6 120.97(20) 
P2-Cr1-C1 81.97(8) C2-C1-C6 116.25(24) 
Cr1-P1-C7 101.48(10) C1-C2-C3 121.41(28) 
Cr1-P1-C9 114.88(11) C1-C2-C7 120.06(24) 
Cr1-P1-C13 115.87(10) C3-C2-C7 118.48(27) 
C7-P1-C9 105.66(14) C2-C3-C4 120.40(30) 
C7-P1-C13 104.41(14) C3-C4-C5 119.78(27) 
C9-P1-C13 112.67(14) C4-C5-C6 120.41(30) 
Cr1-P2-C8 99.79(10) C1-C6-C5 121.59(27) 
Cr1-P2-C17 110.74(10) C1-C6-C8 120.17(24) 
Cr1-P2-C21 121.39(9) C5-C6-C8 118.20(26) 
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Figure 4.9: Molecular structure of (tBuPCP)CrCl.  Ellipsoids are drawn at the 35% probability 
level; hydrogen atoms were omitted for clarity. 
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Figure 4.10: An alternative view of (tBuPCP)CrCl.  The Cr1-C1 bond is bent 7.1(1)° out of the 
plane defined by the aryl ring. 
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Table 4.6: Selected distances and angles for a representative molecule of (tBuPCP)Ti(BH4)2 
Distances (Å) 
Ti1-B1 2.1993(21) Ti1-P2 2.7041(5) B2-H86 1.1126(184) 
Ti1-H80 1.9650(190) Ti1-C1 2.1920(16) B2-H87 1.1250(201) 
Ti1-H81 2.0201(181) B1-H80 1.1536(195) P1-C7 1.8342(17) 
Ti1-H82 1.9843(181) B1-H81 1.1454(190) P1-C9 1.8997(18) 
Ti1-B2 2.3977(21) B1-H82 1.1433(189) P1-C13 1.8864(18) 
Ti1-H84 1.9306(171) B1-H83 1.1199(214) P2-C8 1.8341(17) 
Ti1-H85 1.8879(204) B2-H84 1.1647(178) P2-C17 1.8957(16) 
Ti1-P1 2.6244(5) B2-H85 1.1984(202) P2-C21 1.9040(5) 
Angles (°) 
B1-Ti1-B2 120.04(8) H81-B1-H83 114.68(144) Ti1-P1-C9 116.07(6) 
B1-Ti1-P1 100.65(6) H82-B1-H83 114.15(145) Ti1-P1-C13 121.83(6) 
B1-Ti1-P2 99.12(6) Ti1-H80-B1 85.50(108) C7-P1-C9 104.55(8) 
B1-Ti1-C1 127.16(7) Ti1-H81-B1 83.10(101) C7-P1-C13 106.04(8) 
B2-Ti1-P1 99.68(5) Ti1-H82-B1 84.84(103) C9-P1-C13 109.81(8) 
B2-Ti1-P2 92.81(5) H84-B2-H85 98.75(131) Ti1-P2-C8 92.34(5) 
B2-Ti1-C1 112.62(7) H84-B2-H86 109.74(126) Ti1-P2-C17 121.00(5) 
P1-Ti1-P2 147.07(2) H84-B2-H87 111.33(134) Ti1-P2-C21 121.21(5) 
P1-Ti1-C1 73.60(4) H85-B2-H86 108.90(136) C8-P2-C17 104.13(7) 
P2-Ti1-C1 73.47(4) H85-B2-H87 111.92(138) C8-P2-C21 103.82(8) 
H80-B1-H81 103.65(132) H86-B2-H87 114.98(139) C17-P2-C21 109.17(7) 
H80-B1-H82 101.40(133) Ti1-H84-B2 98.50(106) C2-C1-C6 116.39(14) 
H80-B1-H83 118.39(146) Ti1-H85-B2 99.52(125) P1-C7-C2 105.92(11) 
H81-B1-H82 102.48(131) Ti1-P1-C7 95.28(6) P2-C8-C6 107.63(11) 
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Figure 4.11: Molecular structure of (tBuPCP)Ti(BH4)2.  Ellipsoids are drawn at the 35% 
probability level; hydrogen atoms other than those for borohydrides were omitted 
for clarity. 
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Figure 4.12: An alternative view of (tBuPCP)Ti(BH4)2 down the Ti1-C1 axis.  The aryl plane is 
rotated out of the P1-Ti1-P2 plane by 25.07(4)°. 
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Figure 4.13: An alternative view of (tBuPCP)Ti(BH4)2 down the P1-P2 axis.  The κ3-BH4 is more 
trans to the aryl ring (has a larger C-Ti-B angle) than the κ2-BH4. 
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Figure 4.14: The two components of the disorder model for (tBuPCP)Ti(BH4)2.  The major 
component (solid bonds) and the minor component (hollow bonds) are related by a 
rotation and bending of one of the tBu substituents relative to the P atom. 
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CHAPTER 5 
IMPROVED SYNTHESIS OF BIS(2,2,6,6-TETRAMETHYLPIPERIDIDO) 
COMPOUNDS OF MANGANESE(II) AND IRON(II) 
Introduction 
Nitrides of manganese, iron, cobalt, and nickel have desirable chemical, physical, 
magnetic, and electrical properties that make them useful in a number of applications.  Although 
these late transition metal nitrides have been studied mostly for their catalytic properties with 
regards to the production or decomposition of ammonia,1-2 oxygen,3-8 and hydrogen,3, 8-10 they have 
also been explored as potential materials for electrodes of lithium or sodium batteries,11-15 hard 
coatings,16-17 and memory devices.18-20  These materials are fabricated mostly through nitridation 
of the metal or metal oxide with N2 or ammonia, by molecular beam epitaxy (MBE), or by reactive 
sputtering.1, 20-29 
In the context of using late transition metal nitrides as catalysts for energy-related 
applications such as batteries and fuel cells, promising results have been obtained by depositing or 
growing them on high surface area materials such as foams and porous carbon microfibers.8, 13, 30-
31  Methods such as MBE or reactive sputtering, however, are not effective at forming catalytically 
active species in the interiors of these materials.  Instead, solvothermal methods are usually used 
to deposit metal oxides, which are then converted to the nitrides by reaction with ammonia gas at 
temperatures higher than 500 °C. 
Chemical vapor deposition (CVD) is a technique that is capable of depositing films on 
surfaces that exhibit intricate topologies.32-33  With judicious selection of the chemical precursor, 
films may be grown with minimal impurities at low temperature.  In particular, our group has 
shown that late transition metal nitrides can be deposited from transition metal complexes bearing 
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di(tert-butyl)amido (NtBu2) ligands: crystalline films of the metal nitrides, with low oxygen and 
carbon contamination, were grown from M(NtBu2)2 complexes (M = Mn, Fe, Co, Ni) in the 
presence of ammonia at temperatures as low as 80 °C.34-35  However, HNtBu2 is not commercially 
available and is time-consuming and expensive to prepare (Scheme 5.1).36 
 
 
 
 
Scheme 5.1: Preparation of HNtBu2. 
 
We therefore turned our attention to analogous late transition metal complexes of the ligand 
2,2,6,6-tetramethylpiperidide (TMP), in large part because the corresponding amine H(TMP) is 
commercially available and inexpensive.  Luke Davis in our group discovered that the two-
coordinate complexes Mn(TMP)2, Fe(TMP)2, and Co(TMP)2 can be made and isolated.
37  Here we 
report improved syntheses of these compounds and a crystal structure of the manganese complex. 
We have reported elsewhere that high quality films of manganese nitride can be deposited 
by CVD from Mn(TMP)2 at temperatures as low as 50 °C when ammonia is used as a co-reactant.
38  
Whereas films grown from Mn(NtBu2)2 are crystalline, films grown under similar conditions from 
Mn(TMP)2 are mostly amorphous.  The low deposition temperature is not only advantageous from 
a process standpoint, but may also enable the deposition of metastable metal nitride phases that 
cannot be prepared by solvothermal routes. 
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Results and Discussion 
Davis has previously reported the syntheses of Mn(TMP)2 and Fe(TMP)2, where TMP is 
the 2,2,6,6-tetramethylpiperidide anion, by treatment of MnBr2(THF)2 and FeBr2(DME), 
respectively, with LiTMP in pentane (Scheme 5.2).37  He found that pure Mn(TMP)2 and 
Fe(TMP)2 can be isolated reproducibly in good yields by subliming them from the dried reaction 
mixture onto the water-cooled cold finger of a Schlenk flask that is also equipped with a side bulb 
cooled to -78 °C. The side bulb traps H(TMP), pentane, and other liquid byproducts that otherwise 
interfere with the sublimation of the desired products. 
 
 
 
Scheme 5.2: Preparation of M(TMP)2, where M: Mn, Fe, or Co. 
 
We have found that higher and more reproducible yields of Mn(TMP)2 and Fe(TMP)2 can 
be obtained by cooling the side bulb to -196 °C for the first 4 h of the sublimation (a procedure 
that more efficiently traps the liquid byproducts) and by using a slight stoichiometric deficit of 
Li(TMP). We also found that the chloride starting materials MnCl2(THF)1.5 and FeCl2(THF)1.4 
were just as competent in these reactions as their bromide analogs, and gave comparable yields. 
Some other modifications of the recipe are not beneficial.  For example, when the solvate-
free starting material FeBr2 is treated with Li(TMP) in pentane, dark grey powders and intractable 
red oils were formed, similar to what was reported by Potratz and Davis for the di(tert-butyl)amido 
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analog.36-37  When FeBr2 is treated with Li(TMP) in diethyl ether, the yield was highly variable, 
ranging between 0% to 55%, almost certainly due to the ability of  Li(TMP) to react with ethereal 
solvents above 0 °C.39-41 The use of hydrocarbon solvents and ethereal adducts of the metal halide 
salts is necessary for reproducible results. 
Davis reported that the reaction of CoBr2(DME) with Li(TMP)2 affords the salt 
[Li(DME)][CoBr(TMP)2] as the major product, and at best only traces of a compound he 
tentatively identified as Co(TMP)2.
37  Davis reported that Co(TMP)2 is golden yellow in the solid 
state, which was surprising because Co(NtBu2)2 is dark red (in contrast, the colors of Mn(TMP)2 
and Fe(TMP)2 are very similar to those of their N
tBu2 analogs).
37 We find that the reaction of 
CoCl2(THF)1.1 and Li(TMP) in pentane, followed by filtration, drying, and sublimation in vacuum, 
affords a mixture of amorphous dark material and small amounts of a yellow crystalline material. 
The yellow crystals were of sufficient quality to diffract, but of insufficient quality to 
produce a publishable dataset.  The solution of the dataset showed that the yellow crystalline 
material was actually three-coordinate Co(TMP)2(THF).  We conclude that the golden yellow 
material that Davis isolated was probably a DME adduct of Co(TMP)2, which would explain why 
the color was significantly different from that of Co(NtBu2)2.  It is possible that the amorphous 
dark sublimate is the desired compound Co(TMP)2, but the isolated yield is only 4%.  Its 
microanalysis is consistent with this stoichiometry, and its IR spectrum is very similar to those of 
its Mn and Fe analogs. 
Crystal Structure of Bis(2,2,6,6-tetramethylpiperidido)manganese(II).  The compound 
Mn(TMP)2 crystallizes in the monoclinic P21/n space group.  The data crystal was a non-
merohedral twin and the structure was refined using reflection intensities from only the major twin 
component.  One of the TMP ligands is disordered: the two disordered components are related by 
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a chair-chair interconversion, or equivalently by rotation about the Mn-N bond.  Further discussion 
will be confined to the major component of the disorder model, which has a site occupancy of 
0.66. 
The solid state structure of Mn(TMP)2 can be compared with those of Mn(N
tBu2)2,
42 
Fe(NtBu2)2,
36 and Fe(TMP)2.
37  As expected from atomic radii, the average Mn-N bond distances 
are longer than the Fe-N distances in their Fe analogs.  The average M-N bond distances in the 
NtBu2 compounds are longer than those in their TMP analogs.  The difference suggests that 
interligand non-bonded repulsions are reduced in TMP compounds owing to the cyclic nature of 
the amido group, which reduces the cone angle subtended by the ligand.  The metal centers in the 
NtBu2 compounds adopt linear geometries (N-M-N is nearly 180°), and the dihedral angles 
between the C-N-C planes are near 80°.  The TMP compounds are both bent (N-M-N = 172-173°) 
with dihedral angles between the two C-N-C planes being closer to 70°. 
 
Table 5.1: Selected distances and angles of MX2, where M is Mn or Fe 
and X is NtBu2 or TMP 
 Mn(NtBu2)2 Mn(TMP)2 Fe(N
tBu2)2 Fe(TMP)2 
Average M-N (Å) 1.936(1) 1.923(3) 1.880(2) 1.869(1) 
N-M-N (°) 179.33(5) 172.15(11) 179.45(8) 173.23(5) 
Dihedral (°) 80.0(1) 69.48(23) 80.5(1) 73.3(2) 
 
Conclusions 
The synthesis and isolation of Mn(TMP)2 and Fe(TMP)2 have been optimized and can now 
be made on multi-gram scales.  We find that Mn(TMP)2 is isomorphous with Fe(TMP)2 in the 
solid state.  1H NMR resonances for Mn(TMP)2 were not observed, but Fe(TMP)2 exhibits 
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resonances at δ 170.6, δ 139.5, and δ 81.8 in C6D6.  A practical route to synthesize and isolate 
Co(TMP)2 remains elusive. 
 
Experimental Details 
Unless otherwise stated, all operations were conducted under argon or vacuum using 
standard Schlenk line and glovebox techniques.  MnCl2(THF)1.5,
43 FeCl2(THF)1.4,
43 
CoCl2(THF)1.1,
43 and Li(TMP)44 were prepared by literature routes.  Pentane was dried over 
sodium-benzophenone ketyl and distilled under N2 immediately before use. 
Elemental analyses were performed by the School of Chemical Sciences Microanalysis 
Laboratory at the University of Illinois at Urbana-Champaign.  NMR spectra were acquired on a 
Varian 500 MHz spectrometer at room temperature.  1H NMR spectra are reported in δ units 
(positive chemical shifts to higher frequency) relative to TMS as determined from residual solvent 
signals.45  NMR spectra were processed with the MestReNova NMR software package.  FTIR 
spectra were acquired on a Thermo Nicolet IR200 spectrometer as mineral oil solutions between 
KBr plates.  IR spectra were processed using the OMNIC® software package.  X-ray 
crystallographic data were collected by the George L. Clark X-Ray Facility and 3M Materials 
Laboratory and refined using the SHELXTL software package.  Solutions were check with 
PLATON for missed crystallographic symmetry. 
Bis(2,2,6,6-tetramethylpiperidido)manganese(II), Mn(TMP)2.  To a mixture of 
MnCl2(THF)1.5 (8.730 g, 37.3 mmol) and Li(TMP) (10.417 g, 70.8 mmol) was added pentane (100 
mL).  The mixture was stirred overnight, affording a cloudy yellow mixture.  The mixture was 
filtered and the solids were washed with pentane (50 mL).  The filtrate and wash were combined 
in a Schlenk tube equipped with a side bulb and dried under vacuum.  The product was sublimed 
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at 65 °C onto a water-cooled cold finger under static vacuum (initially 2 mTorr) with the side bulb 
cooled in liquid nitrogen.  After 4 h, the liquid nitrogen was replaced with a dry ice/ethanol bath 
and the sublimation was continued overnight.  The yellow solid was collected from the cold finger.  
Yield: 7.6 g (64 %).  Anal. Calc. for C18H36MnN2: C, 64.4; H, 10.8; N, 8.35.  Found: C, 63.9; H, 
10.6; N, 8.47.  No 1H NMR resonances were observed.  IR (cm-1): 1367 (s), 1353 (s), 1341 (m), 
1288 (m), 1235 (s), 1197 (m), 1170 (s), 1130 (s), 1074 (m), 1053 (m), 1016 (s), 984 (w), 960 (m), 
945 (m), 928 (s), 907 (m), 860 (m), 745 (w), 667 (w), 630 (w), 590 (w), 547 (w), 519 (m). 
Bis(2,2,6,6-tetramethylpiperidido)iron(II), Fe(TMP)2.  To a mixture of FeCl2(THF)1.4 
(0.507 g, 2.23 mmol) and Li(TMP) (0.645 g, 4.38 mmol) was added pentane (20 mL).  The mixture 
was stirred overnight, affording a cloudy red mixture.  The mixture was filtered and the solids 
were washed with pentane (10 mL).  The filtrate and wash were combined in a Schlenk tube 
equipped with a side bulb and dried under vacuum.  The product was sublimed at 60 °C under 
static vacuum (initially 2 mTorr) onto a water-cooled cold finger with the side bulb cooled in liquid 
nitrogen.  After 2 h, the liquid nitrogen was replaced with a dry ice/ethanol bath and the 
sublimation was continued overnight.  The red-orange solid was collected from the cold finger. 
Yield: 0.38 g (44 %).  Anal. Calc. for C18H36FeN2: C, 64.3; H, 10.8; N, 8.33.  Found: C, 63.9; H, 
11.1; N, 8.23.  1H NMR (C6D6): δ 170.6 (br s, fwhm = 2200 Hz, 8 H, CH2), 139.5 (br s, fwhm = 
990 Hz,4 H, CH2), 81.8 (br s, fwhm = 4370 Hz, 24 H, Me).  IR (cm
-1): 1369 (s), 1354 (s), 1341 
(m), 1288 (m), 1236 (s), 1198 (w), 1170 (s), 1131 (s), 1076 (w), 1056 (m), 1017 (m), 985 (w), 961 
(m), 950 (m), 933 (s), 909 (m), 861 (w), 750 (w), 668 (w), 643 (w), 590 (w), 540 (w), 523 (m). 
Bis(2,2,6,6-tetramethylpiperidido)cobalt(II), Co(TMP)2.  To a mixture of 
CoCl2(THF)1.1 (2.012 g, 9.62 mmol) of Li(TMP) (2.901 g, 19.7 mmol) was added pentane (100 
mL).  The mixture was stirred overnight to afford a dark, almost black, mixture.  The mixture was 
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filtered and the solids were washed with pentane (50 mL).  The filtrate and wash were combined 
in a Schlenk tube equipped with a side bulb and dried under vacuum.  The product was sublimed 
at 60 °C onto a water-cooled cold finger under static vacuum (initially 2 mTorr) with the side bulb 
cooled in liquid nitrogen.  After 4 h, the liquid nitrogen was replaced with a dry ice/ethanol bath 
and the sublimation was continued overnight.  The dark purple solid was collected from the cold 
finger. Yield: 0.14 g (4 %).  Anal. Calc. for C18H36CoN2: C, 63.7; H, 10.7; N, 8.25.  Found: C, 
63.0; H, 10.6; N, 7.38.  IR (cm-1): 1355 (m), 1342 (w), 1288 (w), 1235 (s), 1196 (w), 1168 (s), 
1131 (s), 1076 (w), 1054 (w), 1014 (w), 986 (w), 963 (w), 949 (w), 930 (m), 910 (w), 864 (w), 
748 (w), 669 (w), 618 (w), 525 (w).  A small number of yellow crystals are present in the dark 
purple solid, which proved by X-ray diffraction to be Co(TMP)2(THF). 
Crystallographic studies.46  Crystals of Mn(TMP)2 were grown by sublimation under 
static vacuum (initially 2 mTorr, 45 °C) from the dried reaction mixture.  A crystal mounted on a 
Nylon fiber with Krytox™ oil (DuPont) was transferred onto the diffractometer and kept at -173 
°C in a cold nitrogen gas stream.  Intensity data were collected on a Bruker D8 Venture kappa 
diffractometer equipped with a Photon 100 CMOS detector. An Iµs microfocus source provided 
the Mo Kα radiation (λ = 0.71073 Å) that was monochromated with multilayer mirrors.  Standard 
peak search and indexing procedures gave rough cell dimensions, and least squares refinement 
using 9819 reflections yielded the cell dimensions in Table 5.2. 
Data were collected with an area detector by using the measurement parameters listed in 
Table 5.2.  Systematic absences for 0k0 (k ≠ 2n) and h0l (h + l ≠ 2n) were uniquely consistent with 
the space group P21/n.  The measured intensities were reduced to structure factor amplitudes and 
their estimated standard deviations by correction for background, scan speed, Lorentz, and 
polarization effects.  The data crystal was a non-merohedral twin.  TWINABS v2012/1 was used 
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to determine which reflections were unique to the primary domain, and only data from the primary 
twin domain was used in the refinement.  A multi-scan absorption correction was applied using 
TWINABS v2012/1, the minimum and maximum transmission factors being 0.42 and 0.75.  
Systematically absent reflections were deleted and symmetry equivalent reflections were averaged 
to yield the set of unique data.  The remaining 3625 data were used in the least squares refinement. 
The solution for the isomorphous compound Fe(TMP)2 was used as the initial model.
37  
One of the TMP ligands was disordered, the two components being related by a chair flip or 
(equivalently) a 170° rotation about the Mn-N bond.  The occupancies of the two components were 
constrained to add to 1; the site occupancy factor for the major component refined to 0.656(7).  
The N-C bond distances of the disordered TMP ligand were constrained to be equal within 0.01 
Å.  The C-C distances of the disordered TMP ligand were restrained to be 1.53(2) Å.  The 
anisotropic displacement parameters (Uij) for the carbon atoms bound to the nitrogen atom and one 
of the methyl carbons in the disordered TMP ligand were restrained to be equal within a standard 
deviation of 0.01.  The quantity minimized by the least-squares program was Σw(Fo2 - Fc2)2, where 
w = {[σ(Fo2)]2 + (0.0582P)2 + 4.0899P}-1 and P = (Fo2 + 2Fc2)/3.  The analytical approximations 
to the scattering factors were used, and all structure factors were corrected for both real and 
imaginary components of anomalous dispersion.  In the final cycle of least squares, independent 
anisotropic displacement factors were refined for the non-hydrogen atoms.  Hydrogen atoms were 
placed in idealized positions; the methyl groups were allowed to rotate about the C-C axis to find 
the best least-squares positions.  The displacement parameters for methylene hydrogens were set 
equal to 1.2 times Ueq for the attached carbon; those for methyl hydrogens were set to 1.5 times 
Ueq.  No correction for isotropic extinction was necessary.  Successful convergence was indicated 
by the maximum shift/error of 0.001 for the last cycle.  Final refinement parameters are given in 
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Table 5.2.  The largest peak in the final Fourier difference map (0.56 eÅ-3) was located 0.98 Å 
from Mn1.  A final analysis of variance between observed and calculated structure factors showed 
no apparent errors. 
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Table 5.2: Crystallographic data for Mn(TMP)2 
Formula C18H36N2Mn 
Formula weight 335.44 
T (K) 100 
λ (Å) 0.71073 
Crystal system Monoclinic 
Space group P21/n 
a (Å) 11.7916(11) 
b (Å) 11.5536(10) 
c (Å) 15.5936(16) 
β (°) 112.3314(33) 
V (Å3) 1965.079(521) 
Z, ρcalc (g/cm3) 4, 1.134 
μ (mm-1) 0.67 
F(000) 732.0 
Crystal size (mm) 0.088×0.256×0.364 
θ range (°) 2.26 – 25.54 
R(int) 0.1489 
Absorption correction Multi-scan 
Max., min. transmission factors 0.75, 0.42 
Data/restraints/parameters 3625/64/352 
GOF on F2 1.143 
R1 [I > 2σ(I)] 0.0605 
wR2 (all data) 0.1449 
max., min. Δρelect (eÅ-3) 0.56, -0.75 
161 
 
Table 5.3: Selected distances for Mn(TMP)2 
Distances (Å) 
Mn1-N1 1.9214(26) C3-C4 1.5176(51) C6A-C16A 1.5349(76) 
Mn1-N2 1.9252(24) C4-C5 1.5375(44) C7A-C8A 1.5180(114) 
N1-C1 1.4746(38) C5-C13 1.5463(45) C8A-C9A 1.5197(102) 
N1-C5 1.4696(39) C5-C14 1.5289(45) C9A-C10A 1.5332(105) 
C1-C2 1.5362(43) N2-C6A 1.4725(53) C10A-C17A 1.5277(104) 
C1-C11 1.5203(46) N2-C10A 1.4714(56) C10A-C18A 1.5460(132) 
C1-C12 1.5375(43) C6A-C7A 1.5530(105)   
C2-C3 1.5140(51) C6A-C15A 1.5247(83)   
Distances are listed only for the major component of the disorder model. 
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Table 5.4: Selected angles for Mn(TMP)2 
Angles (°) 
N1-Mn1-N2 172.15(11) Mn1-N2-C6A 118.59(40) 
Mn1-N1-C1 120.45(19) Mn1-N2-C10A 119.84(44) 
Mn1-N1-C5 119.23(19) C6A-N2-C10A 120.57(58) 
C1-N1-C5 119.41(23) N2-C6A-C7A 108.40(69) 
N1-C1-C2 110.68(25) N2-C6A-C15A 107.70(52) 
N1-C1-C11 106.68(25) N2-C6A-C16A 117.23(58) 
N1-C1-C12 113.68(26) C7A-C6A-C15A 107.95(68) 
C2-C1-C11 108.08(27) C7A-C6A-C16A 107.45(70) 
C2-C1-C12 109.93(28) C15A-C6A-C16A 107.79(66) 
C11-C1-C12 107.55(29) C6A-C7A-C8A 114.61(69) 
C1-C2-C3 112.98(28) C7A-C8A-C9A 108.95(66) 
C2-C3-C4 108.58(30) C8A-C9A-C10A 113.29(64) 
C3-C4-C5 112.28(28) N2-C10A-C9A 109.09(65) 
N1-C5-C4 111.46(25) N2-C10A-C17A 114.57(67) 
N1-C5-C13 113.24(26) N2-C10A-C18A 103.51(97) 
N1-C5-C14 107.22(26) C9A-C10A-C17A 108.65(67) 
C4-C5-C13 109.47(28) C9A-C10A-C18A 109.93(114) 
C4-C5-C14 108.15(27) C17A-C10A-C18A 110.94(102) 
C13-C5-C14 107.05(27)   
Angles are listed only for the major component of the disorder model. 
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Figure 5.1: Molecular structure of Mn(TMP)2.  Ellipsoids are drawn at the 35% probability 
level; hydrogen atoms are omitted for clarity.  Only the major disorder component 
is shown.  Both TMP ligands adopt chair conformations. 
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Figure 5.2: An alternative view of Mn(TMP)2 down the N1-Mn1-N2 axis. 
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Figure 5.3: The two components of the disorder model viewed down the Mn1-N2 bond.  The 
major component (solid bonds) and minor component (hollow bonds) are related 
by a chair flip or a 170° rotation. 
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APPENDIX A 
IPR ANALYSIS OF METAL-BOUND ALKANES 
Here we describe the equations we use to analyze the results of isotopic perturbation of our 
resonance (IPR) experiments with alkanes. 
Determining the Equations for the Observed Chemical Shifts of Bound Methane. 
Methane can bind to a single transition metal center by means of any of four different 
binding modes (Figure A.1): 
 
    
Figure A.1: The four coordination modes by which CH4 can bind to a single metal center. 
 
Let us consider the case of the κ1 binding mode and label the hydrogen atoms as terminal (HT) or 
bridging (HB) (Figure A.2). 
 
 
Figure A.2: Bookkeeping labels for the H atoms in κ1-CH4. 
 
If the hydrogen atoms are in fast exchange on the NMR timescale, then the observed chemical 
shift (δobs) will be a weighted average of the chemical shift of HT (δT) and HB (δB): 
 
 δobs =
𝑛TδT+𝑛BδB
𝑛T+𝑛B
 (A.1) 
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where 𝑛T is the population of HT and 𝑛B is the population of HB.  For κ
1-CH4, there are 3 HT atoms 
and 1 HB atom; 𝑛T = 3 and 𝑛B = 1.  The observed chemical shift for non-deuterated κ
1-CH4 (δ0) 
is: 
 
 δ0 =
3δT+δB
4
 (A.2) 
 
Now let us consider the case in which we substitute one of the H atoms for D, κ1-CH3D.  There 
are four configurations for this case (Figure A.3): 
 
    
Figure A.3: The four configurations of κ1-CH3D with bookkeeping labels on the H atoms. 
 
Because of zero-point energy effects, configurations with bridging D atoms are higher in energy 
than those with terminal D atoms.  1, 2, and 3 all have the D atom in terminal positions and are 
energetically degenerate but 4 has the D atom in the bridging position and is higher in energy than 
the other configurations.  Let us call the difference in energy between 4 and the other 
configurations ΔEBI.  Because 4 is not degenerate with the other configurations, the population of 
4 will be different than the populations of the other three configurations.  Therefore, we cannot 
simply count how many HT and HB atoms there are in the structures as we did with κ1-CH4.  The 
relative populations of configurations 1 and 4 are described by a Boltzmann distribution: 
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𝑛4
𝑛1
= 𝑒−
∆EBI
R T  (A.3) 
 
where 𝑛𝑖 is the population of configuration i, R is the ideal gas constant, and T is the temperature 
of the sample.  If we set 𝑛1 to 1, then 𝑛4 becomes: 
 
 𝑛4 = 𝑒
−
∆EBI
R T  (A.4) 
 
Now that we have expressions for the relative populations of 1, 2, 3, and 4 (recall that 𝑛1 = 𝑛2 =
𝑛3 because those configurations are degenerate), we can determine 𝑛T and 𝑛B.  If we define 𝑁T𝑖 
as the number of HT atoms in configuration i, and 𝑁B𝑖 as the number of HB atoms in configuration 
i, then 𝑛T and 𝑛B become: 
 
 𝑛T = 𝑛1𝑁T1 + 𝑛2𝑁T2 + 𝑛3𝑁T3 + 𝑛4𝑁T4 
 = (1)(2) + (1)(2) + (1)(2) + (𝑒−
∆EBI
R T ) (3) = 6 + 3𝑒−
∆EBI
R T  (A.5) 
 𝑛B = 𝑛1𝑁B1 + 𝑛2𝑁𝐵2 + 𝑛3𝑁B3 + 𝑛4𝑁B4 
 = (1)(1) + (1)(1) + (1)(1) + (𝑒−
∆EBI
R T ) (0) = 3 (A.6) 
 
Substituting these expressions into Equation A.1 gives the observed (i.e., exchange-averaged) 
chemical shift for a metal-bound mono-deuterated κ1-CH3D ligand (δ1): 
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 δ1 =
𝑛TδT+𝑛BδB
𝑛T+𝑛B
=
(6+3𝑒
−
∆EBI
R T )δT+(3)δB
(6+3𝑒
−
∆EBI
R T )+(3)
=
(2+𝑒
−
∆EBI
R T )δT+δB
3+𝑒
−
∆EBI
R T
 (A.7) 
 
In contrast, a κ1-CH2D2 ligand has six configurations (Figure A.4) 
 
 
 
 
 
 
 
Figure A.4: The six configurations of κ1-CH2D2 with bookkeeping labels on the H atoms. 
 
Configurations 1, 2, and 3 are degenerate.  We can set 𝑛1 = 𝑛2 = 𝑛3 = 1.  Configurations 4, 5, 
and 6 are degenerate and 𝑛4 = 𝑛5 = 𝑛6 = 𝑒
−
∆EBI
R T .  Calculating 𝑛T and 𝑛B in the manner described 
for κ1-CH3D yields: 
 
 𝑛T = 1 + 2𝑒
−
∆EBI
R T  (A.8) 
 𝑛B = 1 (A.9) 
 
These expressions give an observed chemical shift for a metal-bound di-deuterated κ1-CH2D2 
ligand (δ2): 
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 δ2 =
(1+2𝑒
−
∆EBI
R T )δT+δB
2+2𝑒
−
∆EBI
R T
 (A.10) 
 
A similar analysis of a metal-bound tri-deuterated κ1-CHD3 ligand yields: 
 
 δ3 =
(3𝑒
−
∆EBI
R T )δT+δB
1+3𝑒
−
∆EBI
R T
 (A.11) 
 
A similar method can be used to determine the equations for the exchange-averaged chemical 
shifts for the η2, κ2, and κ3 coordination modes of a metal-bound deuterated methane ligand as a 
function of the extent of deuteration.  The η2 coordination mode gives results identical to the κ1 
coordination mode; IPR cannot distinguish between the two cases. 
 
Equations for the Observed Chemical Shift of a Bound Methane Ligand. 
η2/κ1: 𝛿0 =
𝟑𝜹𝐓+𝜹𝐁 
𝟒
 (A.12) 
 𝛿1 =
(𝟐+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+𝜹𝐁 
𝟑+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (A.13) 
 𝛿2 =
(𝟏+𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+𝜹𝐁 
𝟐+𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (A.14) 
 𝛿3 =
(𝟑+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+𝜹𝐁 
𝟏+𝟑𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (A.15) 
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κ2: 𝛿0 =
𝜹𝐓+𝜹𝐁 
𝟐
 (A.16) 
 𝛿1 =
(𝟏+𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+(𝟐+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐁 
𝟑+𝟑𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (A.17) 
 𝛿2 =
(𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 +𝒆
−
𝟐𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+(𝟏+𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐁 
𝟏+𝟒𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 +𝒆
−
𝟐𝚫𝐄𝐁𝐈
𝑹𝑻
 (A.18) 
 𝛿3 =
(𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+𝜹𝐁 
𝟏+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (A.19) 
κ3: 𝛿0 =
𝜹𝐓+𝟑𝜹𝐁 
𝟒
 (A.20) 
 𝛿1 =
(𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+(𝟏+𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐁 
𝟏+𝟑𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (A.21) 
 𝛿2 =
(𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+(𝟐+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐁 
𝟐+𝟐𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (A.22) 
 𝛿3 =
(𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻 )𝜹𝐓+𝟑𝜹𝐁 
𝟑+𝒆
−
𝚫𝐄𝐁𝐈
𝑹𝑻
 (A.23) 
 
Determining δT, δB, ΔEBI, and the Uncertainties in these Values for the η2/κ1 Case. 
The equations for the exchange-averaged chemical shifts of the η2/κ1-methane binding 
modes are given in Equations A.12-A.15.  These equations can be solved for δT, δB, and ΔEBI but 
some care needs to be taken because there are four equations but only three unknowns.  Therefore, 
we will choose all permutations of three of the four equations and then average the results to obtain 
the best values for δT, δB, and ΔEBI.  Solving for the desired values from Equations A.12-A.14 
yields: 
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 𝛿T =
−𝛿0𝛿1+2𝛿0𝛿2−𝛿1𝛿2
𝛿0−2𝛿1+𝛿2
 (A.24) 
 𝛿B =
4𝛿0
2−5𝛿0𝛿1−2𝛿0𝛿2+3𝛿1𝛿2
𝛿0−2𝛿1+𝛿2
 (A.25) 
 ∆EBI = 𝑅 𝑇 log
−𝛿1+𝛿2
−2𝛿0+3𝛿1−𝛿2
 (A.26) 
 
Repeating the analysis with the other combinations of Equations A.12-15 and then averaging the 
results yields: 
 
𝛿T =
1
4
(
−𝛿0𝛿1+2𝛿0𝛿2−𝛿1𝛿2
𝛿0−2𝛿1+𝛿2
+
−𝛿0𝛿1+3𝛿0𝛿2−2𝛿1𝛿3
2𝛿0−3𝛿1+𝛿3
+
−2𝛿0𝛿2+2𝛿0𝛿3−𝛿2𝛿3
𝛿0−3𝛿2+2𝛿3
+
−𝛿1𝛿2+2𝛿1𝛿3−𝛿2𝛿3
𝛿1−2𝛿2+𝛿3
) (A.27) 
𝛿B =
1
4
(
4δ0
2−5𝛿0𝛿1−2𝛿0𝛿2+3𝛿1𝛿2
𝛿0−2𝛿1+𝛿2
+
8δ0
2−9𝛿0𝛿1−5𝛿0𝛿3+6𝛿1𝛿3
2𝛿0−3𝛿1+𝛿3
+
4δ0
2+3𝛿2𝛿3−𝛿0(6𝛿2+𝛿3)
𝛿0−3𝛿2+2𝛿3
+
𝛿1
2(−9𝛿2+10𝛿3)+2𝛿1(6𝛿2
2−6𝛿2𝛿3−𝛿3
2)+𝛿2𝛿3(−4𝛿2+5𝛿3)
𝛿1
2−6𝛿1𝛿2+8𝛿2
2+4𝛿1𝛿3−10𝛿2𝛿3+3𝛿3
2 ) (A.28) 
∆EBI =
𝑅 𝑇
4
[ln (
𝛿1−𝛿2
2𝛿0−3𝛿1+𝛿2
) + ln (
3(𝛿1−𝛿3)
8𝛿0−9𝛿1+𝛿3
) + ln (
3(𝛿2−𝛿3)
2𝛿0−3𝛿2+𝛿3
) + ln (−
𝛿1−4𝛿2+3𝛿3
3𝛿1−4𝛿2+𝛿3
)] (A.29) 
 
For a multi-variable function, 𝐹(𝑥, 𝑦, 𝑧 … ), the uncertainty in that function, 𝜎(𝐹(𝑥, 𝑦, 𝑧 … )), can 
be calculated with the following formula: 
 
𝜎(𝐹(𝑥, 𝑦, 𝑧 … )) = √(
𝜕𝐹(𝑥,𝑦,𝑧… )
𝜕𝑥
)
2
(𝜎(𝑥))
2
+ (
𝜕𝐹(𝑥,𝑦,𝑧… )
𝜕𝑦
)
2
(𝜎(𝑦))
2
+ (
𝜕𝐹(𝑥,𝑦,𝑧… )
𝜕𝑧
)
2
(𝜎(𝑧))
2
+ ⋯ (A.30) 
 
where 𝜎(𝑥) is the uncertainty in variable 𝑥, 𝜎(𝑦) is the uncertainty in variable 𝑦, etc.  Applying 
this formula to δT, δB, and ΔEBI yields: 
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𝜎(𝛿T) =
1
4
[(
2(𝛿1−𝛿2)
2
(𝛿0−2𝛿1+𝛿2)2
+
3(𝛿1−𝛿3)
2
(2𝛿0−3𝛿1+𝛿3)2
+
6(𝛿2−𝛿3)
2
(𝛿0−3𝛿2+2𝛿3)2
)
2
(𝜎(𝛿0))
2
+ (
(𝛿0−𝛿2)
2
(𝛿0−2𝛿1+𝛿2)2
−
2(𝛿2−𝛿3)
2
(𝛿1−2𝛿2+𝛿3)2
+
2(𝛿0−𝛿3)
2
(2𝛿0−3𝛿1+𝛿3)2
)
2
(𝜎(𝛿1))
2
+ (
−2(𝛿0−𝛿1)
2
(𝛿0−2𝛿1+𝛿2)2
+
(𝛿1−𝛿3)
2
(𝛿1−2𝛿2+𝛿3)2
+
2(𝛿0−𝛿3)
2
(𝛿0−3𝛿2+2𝛿3)2
)
2
(𝜎(𝛿2))
2
+ (
6(𝛿0−𝛿1)
2
(2𝛿0−3𝛿1+𝛿3)2
+
2(𝛿1−𝛿2)
2
(𝛿1−2𝛿2+𝛿3)2
+
3(𝛿0−𝛿2)
2
(𝛿0−3𝛿2+2𝛿3)2
)
2
(𝜎(𝛿3))
2
]
1/2
 (A.31) 
𝜎(𝛿B) =
1
4
[(12 −
6(𝛿1−𝛿2)
2
(𝛿0−2𝛿1+𝛿2)2
−
9(𝛿1−𝛿3)
2
(2𝛿0−3𝛿1+𝛿3)2
−
18(𝛿2−𝛿3)
2
(𝛿0−3𝛿2+2𝛿3)2
)
2
(𝜎(𝛿0))
2
+ (
3(𝛿0−𝛿2)
2
(𝛿0−2𝛿1+𝛿2)2
+
6(𝛿0−𝛿3)
2
(2𝛿0−3𝛿1+𝛿3)2
+
6(𝛿2−𝛿3)
2(7𝛿1
2−24𝛿1𝛿2+16𝛿2
2+10𝛿1𝛿3−8𝛿2𝛿3−𝛿3
2)
[(𝛿1−2𝛿2+𝛿3)(𝛿1−4𝛿2+3𝛿3)]2
)
2
(𝜎(𝛿1))
2
+
(
−6(𝛿0−𝛿1)
2
(𝛿0−2𝛿1+𝛿2)2
+
6(𝛿0−𝛿3)
2
(𝛿0−3𝛿2+2𝛿3)2
−
3(𝛿1−𝛿3)
3(3𝛿1−8𝛿2+5𝛿3)
[(𝛿1−2𝛿2+𝛿3)(𝛿1−4𝛿2+3𝛿3)]2
)
2
(𝜎(𝛿2))
2
+ (
−18(𝛿0−𝛿1)
2
(2𝛿0−3𝛿1+𝛿3)2
−
9(𝛿0−𝛿2)
2
(𝛿0−3𝛿2+2𝛿3)2
+
2(𝛿1−𝛿2)
2(5𝛿1
2−16𝛿2
2+40𝛿2𝛿3−19𝛿3
2−2𝛿1(4𝛿2+𝛿3))
[(𝛿1−2𝛿2+𝛿3)(𝛿1−4𝛿2+3𝛿3)]2
)
2
(𝜎(𝛿3))
2
]
1/2
 (A.32) 
𝜎(∆EBI) =
𝑅𝑇
4
[(
2
2𝛿0−3𝛿1+𝛿2
+
8
8𝛿0−9𝛿1+𝛿3
+
2
2𝛿0−3𝛿2+𝛿3
)
2
(𝜎(𝛿0))
2
+ (
2(−𝛿0+𝛿2)
(𝛿1−𝛿2)(−2𝛿0+3𝛿1−𝛿2)
+
8(−𝛿0+𝛿3)
(𝛿1−𝛿3)(−8𝛿0+9𝛿1−𝛿3)
+
8(𝛿2−𝛿3)
(3𝛿1−4𝛿2+𝛿3)(𝛿1−4𝛿2+3𝛿3)
)
2
(𝜎(𝛿1))
2
+ (
2(𝛿0−𝛿1)
(𝛿1−𝛿2)(−2𝛿0+3𝛿1−𝛿2)
+
2(−𝛿0+𝛿3)
(𝛿2−𝛿3)(−2𝛿0+3𝛿2−𝛿3)
+
8(𝛿1−𝛿3)
(3𝛿1−4𝛿2+𝛿3)(𝛿1−4𝛿2+3𝛿3)
)
2
(𝜎(𝛿2))
2
+ (
8(𝛿0−𝛿1)
(𝛿1−𝛿3)(−8𝛿0+9𝛿1−𝛿3)
+
2(𝛿0−𝛿2)
(𝛿2−𝛿3)(−2𝛿0+3𝛿2−𝛿3)
+
8(𝛿1−𝛿2)
(3𝛿1−4𝛿2+𝛿3)(𝛿1−4𝛿2+3𝛿3)
)
2
(𝜎(𝛿3))
2
+
(ln (
𝛿1−𝛿2
2𝛿0−3𝛿1+𝛿2
) + ln (
3(𝛿1−𝛿3)
8𝛿0−9𝛿1+𝛿3
) + ln (
3(𝛿2−𝛿3)
2𝛿0−3𝛿2+𝛿3
) + ln (−
𝛿1−4𝛿2+3𝛿3
3𝛿1−4𝛿2+𝛿3
))
2
(
𝜎(𝑇)
𝑇
)
2
]
1/2
 (A.33) 
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Determining the Equations for the Observed Chemical Shifts of Agostic CH3 Groups. 
Similar to bound methane, agostic CH3 groups in a bound alkane ligand (CH3R) can adopt 
any of four coordination modes (Figure A.5): 
 
    
Figure A.5: The four coordination modes of CH3R, R ≠ H, to a single metal center. 
 
As we did with bound methane, let us first consider the κ1 binding mode and label the hydrogen 
atoms as terminal (HT) or bridging (HB).  There are three configurations for κ1-CH3R (Figure A.6). 
 
   
Figure A.6: The three configurations of κ1-CH3R with bookkeeping labels on the H atoms. 
 
These configurations are degenerate, giving values for 𝑛T and 𝑛B of: 
 
 𝑛T = 𝑛1𝑁T1 + 𝑛2𝑁T2 + 𝑛3𝑁T3 = (1)(2) + (1)(2) + (1)(2) = 6 (A.34) 
 𝑛B = 𝑛1𝑁B1 + 𝑛2𝑁𝐵2 + 𝑛3𝑁B3 = (1)(1) + (1)(1) + (1)(1) = 3 (A.35) 
 
Which yields an observed chemical shift for a κ1-CH3R ligand (δ0) of: 
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 δ0 =
𝑛TδT+𝑛BδB
𝑛T+𝑛B
=
(6)δT+(3)δB
(6)+(3)
=
2δT+δB
3
 (A.36) 
 
A mono-deuterated agostic methyl group has nine configurations (Figure A.7). 
 
 
 
 
 
 
 
 
 
 
Figure A.7: The nine configurations of κ1-CH2DR with bookkeeping labels on the H atoms. 
 
In this scenario, configurations 1-6 are degenerate and configurations 7-9 are degenerate.  The 
values for 𝑛T and 𝑛B are: 
 
𝑛T = 𝑛1𝑁T1 + 𝑛2𝑁T2 + 𝑛3𝑁T3 + 𝑛4𝑁T4 + 𝑛5𝑁T5 + 𝑛6𝑁T6 + 𝑛7𝑁T7 + 𝑛8𝑁T8 + 𝑛9𝑁T9 =
(1)(1) + (1)(1) + (1)(1) + (1)(1) + (1)(1) + (1)(1) + (𝑒−
∆EBI
R T ) (2) +
(𝑒−
∆EBI
R T ) (2) + (𝑒−
∆EBI
R T ) (2) = 6 + 6𝑒−
∆EBI
R T  (A.37) 
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𝑛B = 𝑛1𝑁B1 + 𝑛2𝑁B2 + 𝑛3𝑁B3 + 𝑛4𝑁B4 + 𝑛5𝑁B5 + 𝑛6𝑁B6 + 𝑛7𝑁B7 + 𝑛8𝑁B8 + 𝑛9𝑁B9 =
(1)(1) + (1)(1) + (1)(1) + (1)(1) + (1)(1) + (1)(1) + (𝑒−
∆EBI
R T ) (0) +
(𝑒−
∆EBI
R T ) (0) + (𝑒−
∆EBI
R T ) (0) = 6 (A.38) 
 
Which yields an observed chemical shift for a metal-bound κ1-CH2DR ligand (δ1) of: 
 
 δ1 =
𝑛TδT+𝑛BδB
𝑛T+𝑛B
=
(6+6𝑒
−
∆EBI
R T )δT+(6)δB
(6+6𝑒
−
∆EBI
R T )+(6)
=
(1+𝑒
−
∆EBI
R T )δT+δB
2+𝑒
−
∆EBI
R T
 (A.39) 
 
Equations for the Observed Chemical Shift of an Agostic CH3 Group. 
η2/κ1: δ0 =
2δT+δB
3
 (A.40) 
 δ1 =
(1+e
−
ΔEBI
RT )δT+δB
2+e
−
ΔEBI
RT
 (A.41) 
 δ2 =
(2e
−
ΔEBI
RT )δT+δB
1+2e
−
ΔEBI
RT
 (A.42) 
κ2: δ0 =
δT+2δB
3
 (A.43) 
 δ1 =
e
−
ΔEBI
RT δT+(1+e
−
ΔEBI
RT )δB
1+2e
−
ΔEBI
RT
 (A.44) 
 δ2 =
(e
−
2ΔEBI
RT )δT+2(e
−
ΔEBI
RT )δB
e
−
2ΔEBI
RT +2e
−
ΔEBI
RT
 (A.45) 
κ3: δ0 = δB (A.46) 
 δ1 = δB (A.47) 
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 δ2 = δB (A.48) 
 
Determining δT, δB, ΔEBI, and the Uncertainties in these Values for the η2/κ1 Case. 
Unlike the situation with bound methane, in which there were four equations to solve three 
variables, for an agostic methyl group there are three equations to solve for three variables.  As 
such, there is no need to average the values from solving multiple permutations of the equations.  
As a result, the equations for δT, δB, ΔEBI, and their uncertainties are simpler than those that 
describe their bound methane counterparts. 
 
 𝛿T =
−𝛿0𝛿1+2𝛿0𝛿2−𝛿1𝛿2
d0−2d1+d2
 (A.49) 
 𝛿B =
3δ0
2−4𝛿0𝛿1−𝛿0𝛿2+2𝛿1𝛿2
𝛿0−2𝛿1+𝛿2
 (A.50) 
 ∆EBI = 𝑅𝑇 ln (−
2(𝛿1−𝛿2)
−3𝛿0+4𝛿1−𝛿2
) (A.51) 
𝜎(𝛿T) = [(
2(𝛿1−𝛿2)
2
(𝛿0−2𝛿1+𝛿2)2
)
2
(𝜎(𝛿0))
2
+ (
−(𝛿0−𝛿2)
2
(𝛿0−2𝛿1+𝛿2)2
)
2
(𝜎(𝛿1))
2
+ (
2(𝛿0−𝛿1)
2
(𝛿0−2𝛿1+𝛿2)2
)
2
(𝜎(𝛿2))
2
]
1/2
 (A.52) 
𝜎(𝛿B) = [(
3𝛿0
2+8𝛿1
2−4𝛿1𝛿2−𝛿2
2+6𝛿0(−2𝛿1+𝛿2)
(𝛿0−2𝛿1+𝛿2)2
)
2
(𝜎(𝛿0))
2
+ (
2(𝛿0−𝛿2)
2
(𝛿0−2𝛿1+𝛿2)2
)
2
(𝜎(𝛿1))
2
+
(
−4(𝛿0−𝛿1)
2
(𝛿0−2𝛿1+𝛿2)2
)
2
(𝜎(𝛿2))
2
]
1/2
 (A.53) 
𝜎(∆EBI) = 𝑅𝑇 [(
9
(3𝛿0−4𝛿1+𝛿2)2
) (𝜎(𝛿0))
2
+ (
9(𝛿0−𝛿2)
2
(𝛿1−𝛿2)2(3𝛿0−4𝛿1+𝛿2)2
) (𝜎(𝛿1))
2
+
(
9(𝛿0−𝛿1)
2
(𝛿1−𝛿2)2(3𝛿0−4𝛿1+𝛿2)2
) (𝜎(𝛿2))
2
+ (ln (
2(𝛿1−𝛿2)
3𝛿0−4𝛿1+𝛿2
))
2
(
𝜎(𝑇)
𝑇
)
2
]
1/2
 (A.54) 
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Under most circumstances, it is reasonable to assume that σ(δ0), σ(δ1), and σ(δ2) are equal.  If we 
define this value as σ(δ), Equations A.52-54 simplify to: 
 
𝜎(𝛿T) = |
𝜎(𝛿)
(𝛿0−2𝛿1+𝛿2)2
| [4(𝛿1 − 𝛿2)
4 + (𝛿0 − 𝛿2)
4 + 4(𝛿0 − 𝛿1)
4]1/2 (A.55) 
𝜎(𝛿B) = |
𝜎(𝛿)
(𝛿0−2𝛿1+𝛿2)2
| [(3𝛿0
2 + 8𝛿1
2 − 4𝛿1𝛿2 − 𝛿2
2 + 6𝛿0(−2𝛿1 + 𝛿2))
2
+ 4(𝛿0 − 𝛿2)
4 +
16(𝛿0 − 𝛿1)
4]
1/2
 (A.56) 
𝜎(∆EBI) = 𝑅𝑇 [[(𝛿1 − 𝛿2)
2 + (𝛿0 − 𝛿2)
2 + (𝛿0 − 𝛿1)
2] (
3𝜎(𝛿)
(𝛿1−𝛿2)(3𝛿0−4𝛿1+𝛿2)
)
2
+
(ln (
2(𝛿1−𝛿2)
3𝛿0−4𝛿1+𝛿2
))
2
(
𝜎(𝑇)
𝑇
)
2
]
1/2
 (A.57) 
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APPENDIX B 
PREPARATION OF NMR SAMPLES FOR LOW-TEMPERATURE PROTONATION 
WITH TRIFLIC ACID 
A 506-PP NMR tube (Wilmad) is blown onto a 7 cm long piece of Pyrex tubing (thin wall; 
O.D. 5 mm) and a female 14/20 ground glass joint.  The NMR tube, gas inlet adapter, vacuum 
transfer apparatus, a modified spinner (Figure B.1), chemical precursor, Krytox™ grease, and 
rubber bands are brought inside a glovebox.  The NMR tube is loaded with the precursor (typically 
7 mg or 10 μmol) and the apparatus is assembled.  Krytox™ grease is used on all ground glass 
joints and the joints are held together with rubber bands.  The stopcocks of the apparatus are closed, 
the apparatus is removed from the glovebox, and then the apparatus is attached to a Schlenk line 
through the hose connectors on both the vacuum transfer apparatus and the gas inlet adapter.  A 
Schlenk flask containing the NMR solvent (in our case, CDCl2F) is also attached to the vacuum 
transfer apparatus (Figure B.2).  Stopcocks A and B are opened and the stopcock to the Schlenk 
line is cycled between vacuum and N2 to remove the air between stopcock A and the solvent flask.  
Stopcock B is closed and the CDCl2F is cooled with an ice/water bath to reduce the vapor pressure 
of the solvent (b.p., 9 °C).  Stopcocks C and D are opened to evacuate the NMR tube and then 
stopcock D is closed to place the apparatus under static vacuum.  A Dewar flask is filled with 
liquid nitrogen and placed underneath the NMR tube so that the solid sample inside the NMR tube 
is just below the level of the liquid nitrogen.  The Schlenk flask containing the solvent is opened 
briefly to condense just enough of the solvent on top of the sample to cover it.  The liquid nitrogen 
bath is removed and the solvent is allowed to warm to dissolve the solid sample.  If the sample 
does not completely dissolve in the solvent, then more solvent is condensed into the tube.  Once 
the solid has been completely dissolved, the sample is submerged in liquid nitrogen just enough to 
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freeze the solution.  The solvent flask is opened and the Dewar flask containing the liquid nitrogen 
slowly raised to condense and freeze fresh solvent on top of the solution. 
 
  
Figure B.1: Pictures of the modified spinner and the spinner extension (length: 40”, OD: 7/8”, ID: 
1/2”).  The extension has four small holes (1/8” diameter) to allow pressure equalization between 
its interior and exterior. 
 
Once a sufficient volume of solvent has been transferred to the NMR tube, the solvent flask 
is closed and stopcock D is opened.  The apparatus is back-filled with N2.  The vacuum transfer 
apparatus and solvent flask are removed and the gas inlet adapter is plugged with a rubber septum.  
A portion of the pure CDCl2F is thawed, and triflic acid is added by means of a gas-tight syringe.  
The rubber septum is replaced with a glass stopper.  The entire sample is frozen and evacuated, 
and then the NMR tube is flame sealed under dynamic vacuum.  A Dewar flask is filled with liquid 
nitrogen and capped with a polyethylene cap that has a 5-mm hole.  The NMR sample is inserted 
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through the hole to keep the sample frozen while the NMR instrument probe is cooled.  The cap 
thermally insulates the spinner to minimize deposition of ice. 
 
 
Figure B.2: A diagram of the apparatus used to add solvent to the NMR sample.  The vacuum 
transfer apparatus and solvent flask are removed before addition of triflic acid. 
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The acquisition of NMR spectra at -130 °C presents several technical challenges.  The 
sample tube is brittle at these temperatures and is prone to break when inserted into the probe.  
When the probe is kept at cryogenic temperatures for extended periods of time, water can condense 
at the top of the probe stack and drip down into the instrument.  At -130 °C, the flow of gas to the 
instrument must be increased in order to eject and insert samples.  If, upon ejection, the sample is 
arrested in the probe due to buildup of ice, the pressure inside the probe can increase.  The violent 
decompression that results when the sample breaks free can damage the probe.  To minimize the 
occurrence of complications, we made several modifications to the procedure for using the NMR 
instrument when conducting experiments below -80 °C. 
The first modification is to insert and eject samples manually.  To do this, the sample tube 
is equipped with a modified spinner.  A threaded, hollow stick made from Nylon 6/6, hereby 
referred to as the spinner extension (Figure B.1), is screwed onto the spinner and the sample tube 
is lowered into the probe by hand.  The extension is long enough to protrude from the top of the 
probe stack when the sample is inserted (Figure B.3).  An O-ring (high-purity silicone, OD: 1-
1/8”, ID: 7/8”) at the top of the extension ensures that the extension and the sample remain centered 
in the instrument.  The use of the extension prevents spinning of the sample.  However, our NMR 
instrument does not spin below -90 °C even without usage of the stick.  When spectra have been 
acquired and the experiment is over, the extension and sample are lifted out of the probe. 
Another modification we made is to insulate the top of the probe stack with Tygon® tubing 
(length: 12”, OD: 1-5/8”, ID: 1-1/4”) (Figure B.3).  The tubing is fitted over the probe stack and 
acts as a sleeve to prevent atmospheric water from condensing onto the probe stack.  Thermally 
insulating the probe stack reduces the water that condenses and drips into the instrument, which 
occurs when the instrument is kept cold continuously for multiple hours.  Additionally, the 
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insulating tubing is flushed continuously with N2 by means of a black vinyl line placed inside the 
tubing.  A slow flow of N2 discourages the diffusion of atmospheric water into the probe.  The 
tubing is removed before insertion or ejection of the NMR sample, and then replaced afterward. 
 
 
Figure B.3: Diagram of the top of the NMR instrument.  The sample is seated in the probe at the 
bottom of the spinner extension, which is screwed into the spinner.  The extension protrudes out 
from the probe stack for ease of handling.  The O-ring keeps the extension and sample centered in 
the instrument.  The tube and N2 gas line discourage atmospheric water from entering the probe 
stack. 
 
